Molecular cloning of the hydrogen oxidizing genes of Alcaligenes eutrophus strain H1 by Chow, Wei-Yuan Winnie
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1986
Molecular cloning of the hydrogen oxidizing genes
of Alcaligenes eutrophus strain H1
Wei-Yuan Winnie Chow
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Genetics Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Chow, Wei-Yuan Winnie, "Molecular cloning of the hydrogen oxidizing genes of Alcaligenes eutrophus strain H1 " (1986).
Retrospective Theses and Dissertations. 7986.
https://lib.dr.iastate.edu/rtd/7986
INFORMATION TO USERS 
This reproduction was made from a copy of a manuscript sent to us for publication 
and microfilming. While the most advanced technology has been used to pho­
tograph and reproduce this manuscript, the quality of the reproduction is heavily 
dependent upon the quality of the material submitted. Pages in any manuscript 
may have indistinct print. In all cases the best available copy has been filmed. 
The following explanation of techniques is provided to help clarify notations which 
may appear on this reproduction. 
1. Manuscripts may not always be complete. When it is not possible to obtain 
missing pages, a note appears to indicate this. 
2. When copyrighted materials are removed from the manuscript, a note ap­
pears to indicate this. 
3. Oversize materials (maps, drawings, and charts) are photographed by sec­
tioning the original, begiiming at the upper left hand comer and continu­
ing from left to right in equal sections with small overlaps. Each oversize 
page is also filmed as one exposure and is available, for an additional 
charge, as a standard 35mm slide or in black and white paper format.* 
4. Most photographs reproduce acceptably on positive microfilm or micro­
fiche but lack clarity on xerographic copies made from the microfilm. For 
an additional charge, all photographs are available in black and white 
standard 35mm slide format.* 
*For more information about black and white slides or enlarged paper reproductions, 
please contact the Dissertations Customer Services Department 
UM TWerady Mkrralms faternatHHial 
8615033 
Chow, Wei Yuan Winnie 
MOLECULAR CLONING OF THE HYDROGEN OXIDIZING GENES OF 
ALCALIGENES EUTROPHUS STRAIN HI 
Iowa State University PH.D. 1986 
University 
Microfilms 
I nternâtionsi 300 N. zeeb Road, Ann Arbor, Ml 48106 
PLEASE NOTE: 
In all cases this material has been filmed in the best possible.way from the available copy. 
Problems encountered with this document have been identified here with a checl« mark V . 
1. Glossy photographs or pages  ^
2. Colored illustrations, paper or print 
3. Photographs with dark background •»/ 
4. Illustrations are poor copy 
5. Pages with black marks, not original copy 
6. Print shows through as there is text on both sides of page 
7. Indistinct, broken or small print on several pages n/ 
8. Print exceeds margin requirements 
9. Tightly bound copy with print lost in spine 
10. Computer printout pages with indistinct print 
11. Page(s) lacking when material received, and not available from school or 
author. 
12. Page(s) seem to be missing in numbering only as text follows. 
13. Two pages numbered . Text follows. 
14. Curling and wrinkled pages 
15. Dissertation contains pages with print at a slant, filmed as received 
16. Other 
University 
Microfilms 
Internationai 
Molecular cloning of the hydrogen oxidizing genes 
of Alcaligenes eutrophus strain HI 
by 
Wei-Yuan Winnie Chow 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of the 
Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Major: Genetics 
Approved: 
In Charge of Major Work 
For the Major Department 
For the Graduate College 
Iowa State University 
Ames, Iowa 
1986 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
il 
TABLE OF CONTENTS 
Page 
INTRODUCTION 1 
The Relationship Between Hydrogen Oxidation and 1 
Nitrogen Fixation 
The Aerobic Hydrogen-Oxidizing Bacteria 3 
The Hox Genes 10 
Alcaligenes eutrophus 14 
The Strategy of Cloning the Hox Genes 17 
OBJECTIVES 23 
MATERIALS AND METHODS 24 
Bacterial Strains, Plastnids and Media 24 
Conjugation 27 
Identification of Mutant Phenotype from Tn^ Mutagenesis 29 
In Vitro Hydrogenase Assay 30 
DNA Preparation and Gel Electrophoresis 32 
DNA Hybridization 39 
Construction of a Cosmid Clone Bank 42 
DNA Walking and Identification of Cosmid Clone Carrying 47 
Specific Sequences 
Subcloning Fragments and Cloning of Tn^-Containing 49 
Fragments 
Hi 
RESULTS 51 
Construction of A Total Genomic ONA Library of 51 
Alcaligenes eutrophus 
Transposon Mutagenesis 55 
Analysis of Tn5-6enerated Mutants 61 
Analysis of the Plasmid Deletion Mutants 65 
Mapping of the Tn5 Insertion Site 83 
Genetic Complementation and Localization of Plasmid 89 
Encoded Hox genes 
The Homology between Plasmid and Chromosomal DNA 102 
Complementation of Hup" Bradyrhizobium japonicum 106 
DISCUSSION 108 
Unusual Genetic Phenomena Associated with Tn^ Mutagenesis 108 
in Alcaligenes eutrophus 
Identification of the Plasmid Region Responsible for 118 
Hydrogen Oxidation 
Homology between the Hup Plasmid DNA and Chromosomal DNA 121 
SUMMARY 124 
LITERATURE CITED 126 
ACKNOWLEDGEMENTS 137 
1 
INTRODUCTION 
The Relationship between Hydrogen Oxidation and Nitrogen Fixation 
A major factor limiting agricultural production is the supply of 
nitrogen fertilizers, which requires a very large quantity of chemical 
energy to produce. It is estimated that close to 3% of the natural gas 
consumed in the United States in 1973 was used to synthesize anhydrous 
ammonia, however, fixed nitrogen can also be obtained through the process 
of biological nitrogen fixation. The endosymbiosis between leguminous 
plants and Rhizobium is one of the most important and efficient nitrogen 
fixation processes in the biosphere. In this symbiotic relationship, 
Rhizobium produces nitrogenase, an enzyme which can utilize the energy 
provided by plant photosynthate to convert atmospheric nitrogen to 
ammonia. The host plant uses the fixed nitrogen for growth and in return 
provides the Rhizobium with nutrients and an ecological niche. Because of 
the limited supply of nonrenewable sources of petroleum and natural gas, 
biological nitrogen fixation has become increasingly important to 
agricultural industry. Therefore, factors limiting biological nitrogen 
fixation deserve thorough investigation. 
Hoch et al. (1957) first reported hydrogen evolution during nitrogen 
fixation from excised soybean root nodules. Burns and Buien (1965) 
reported the evolution of hydrogen gas during in vitro nitrogenase assay. 
Hydrogen evolution by nitrogenase could be observed even under conditions 
where nitrogen was saturating (Simpson and Burris, 1984). Hwang et al. 
(1973) estimated that approximately four molecules of ATP were hydrolyzed 
by nitrogenase per hydrogen produced. Furthermore, the nitrogenase was 
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unable to regenerate energy from hydrogen. Therefore, hydrogen evolves as 
a byproduct of the enzyme nitrogenase, and consequently Increases the 
energy requlrenent for nitrogen fixation. Since Rhizobuium uses plant 
photosynthate to fix nitrogen, the increased energy requirement may, under 
some circumstances, inhibit plant growth. 
Rhizobium strains can be classified by their ability to recycle waste 
hydrogen gas. Hup" strains evolve hydrogen during nitrogen fixation, 
while Hup+ strains do not. The two types of strains differ only in their 
ability to regenerate energy by oxidizing hydrogen via a membrane-bound 
hydrogenase system. According to surveys done. Hup* Rhizobium strains can 
be found in most Rhizobium species except Rhizobium meliloti (Dixon, 1972; 
Schubert and Evans, 1976; Rainbird et al., 1981; Ruiz-Argueso et al., 
1978; Ruiz-Argueso et al., 1979; Tilak et al., 1984). Even though it is 
widely distributed among Rhizobium species, only a minority of Rhizobium 
strains actually possess this function. For example, only less than 20% 
of the Bradyrhizobium japonicum (formerly named Rhizobium japonicum) 
strains examined by Carter et al. (1978) were Hup*. 
Rainbird et al. (1983) showed that root nodules infected with Hup* 
Rhizobium spp. strains evolved less CO2 per unit of nitrogenase activity 
than nodules Infected with Hup' strains. Schubert and Evans (1976) 
estimated only 40-60% of the electron flow transfer to nitrogenase was 
used to fix nitrogen In Hup' Bradyrhizobium japonicum. Studies involving 
soybeans Inoculated with isogenic Hup* and Hup' B. japonicum indicated a 
significant increase in plant nitrogen content and total weight with Hup* 
bacteria (Evans et al., 1984). The Hup* Rhizobium fixed nitrogen much 
more efficiently than Hup' Rhizobium and, therefore, less plant 
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photosynthate was wasted in nitrogen fixation (Evans et al., 1984). Dixon 
(1978) has listed other benefits of having hydrogenase present in the 
nodules, in addition to the recycling of waste energy. These benefits 
included protection against hydrogen inhibition of nitrogenase (Wilson, 
1969), and enhancement of respiratory protection by removing oxygen from 
the environment. 
Since the existence of a hydrogen recycling system is beneficial, it 
would be worthwhile to transfer hydrogenase activity into Hup' Rhizobium. 
Both anaerobic and aerobic hydrogen-oxidizing bacteria possess 
hydrogenases. Hydrogenases from the anaerobic hydrogen oxidizing 
bacteria, however, catalyzes irreversible hydrogen evolution under 
fermentation conditions, and would be unsuitable for recycling hydrogen in 
Rhizobium. 
The Aerobic Hydrogen-Oxidizing Bacteria 
The aerobic hydrogen-oxidizing bacteria are a rather heterogenous 
group, and differ from the anaerobic hydrogen-oxidizing bacteria in many 
respects. They are capable of utilizing hydrogen as the main energy 
source for growth (Bowien and Schlegel, 1981; Schlegel, 1976) with oxygen 
as the terminal electron acceptor for hydrogen oxidation. They are all 
facultative lithotrophs. They share with photolithotrophic bacteria a 
common mechanism to reduce carbon dioxide to carbohydrate. The carbon 
dioxide is reduced through a plant-type ribulose bisphosphate 
carboxylase/oxygenase (Brown et al., 1976). In suiranary, this group of 
hydrogen-oxidizing bacteria are capable of chemolithoautotrophic 
4 
(autotrophic for short) growth, using energy provided by hydrogen 
oxidation to reduce carbon dioxide. 
Taxonomy 
According to a survey by Bowien and Schlegel (1981), the 
hydrogen-oxidizing bacteria comprise 28 species belonging to 15 genera. 
New genera and species are still being added to this group. Most of them 
are gram-negative bacteria. They can be roughly divided into three 
groups, based on the type of hydrogenase possessed by the bacteria. 
Alcaligenes eutrophus, A. hydrogenophilus. and A. ruhlandii are wel1 
differentiated from all other hydrogen-oxidizing bacteria by the presence 
of two types of hydrogenase: a soluble NAD-reducing enzyme and a 
membrane-bound particulate enzyme associated with the respiratory chain. 
Only two other gram-positive bacterial species, Nocardia autotrophica and 
IJ. opaca, possess the soluble hydrogenase; the rest of the 
hydrogen-oxidizing bacteria, including Hup* Rhizobium, have only the 
particulate enzyme. Therefore, Alcaligenes is the only bacterium with 
both soluble and particulate hydrogenase enzymes and the only 
gram-negative bacterium with soluble hydrogenase. Since aerobic 
hydrogenase-possessing bacteria are so diverse, the following discussion 
focuses on Alcaligenes eutrophus. representing non-nitrogen fixing 
species, and Bradvrhizobium japonicum. representing nitrogen-fixing 
species. 
Key enzymes of autotrophic metabolism 
There are three major enzymes involved in autotrophic growth of 
hydrogen-oxidizing bacteria. Ribulose 1,5-bisphosphate 
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carboxylase/oxygenase (RuBp carboxylase) uses the energy provided by 
hydrogenase, either soluble, particulate or both, to fix carbon dioxide. 
With some exceptions, the activities of these enzymes are very low under 
heterotrophic growth conditions. The degree of expression of these three 
enzymes under hetrotrophic growth conditions varies with organism, organic 
substrate, oxygen tension, and growth phase. 
Particulate hydrogenase This enzyme Is found in all of the 
hydrogen-oxidizing bacteria except Nocardia. It is tightly associated 
with the membrane, and perhaps linked to the respiratory chain. 
Particulate hydrogenase shuffles electrons from hydrogen to the 
respiratory chain via an unknown electron carrier, possibly ubiquinone, 
and ATP is generated through the electron transport chain (O'Brian and 
Maier, 1985; Schink and Schlegel, 1979). The particulate hydrogenases 
have been purified from A. eutrophus strain H16 (Schink and Schlegel, 
1979), Bradyrhizobium japonicum strain 110 (Arp and Burris, 1979), and B. 
japonicum strain SR (Marker et al., 1984). 
Hydrogenases purified from different sources share several 
properties, including similar molecular weight, cofactors, isoelectric 
points, and amino acid compositions (Arp et al., 1985). Although the 
physiological electron acceptors of the hydrogenases are unknown, they 
have all been reported capable of reducing a variety of electron 
acceptors, such as cytochromes and artificial electron acceptors, in the 
presence of hydrogen. Among those artificial electron acceptors, 
methylene blue has been one of the most frequently used assay indicators. 
None of the purified particulate hydrogenases, however, are able to reduce 
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NAD+, which has become an Important criterion for differentiating the two 
hydrogenase systems. 
All the purified enzymes have been demonstrated to be Iron-sulfur 
proteins requiring nickel for activity (Schink and Schlegel, 1979; Marker 
et al., 1984; Stults et al., 1984). Two peptides with molecular weights 
of 67,000 and 31,000 daltons, respectively, are present In the particulate 
hydrogenase of A. eutrophus (Schink and Schlegel, 1979). Two subunlts of 
sizes 60,000 and 30,000 daltons were reported from the hydrogenase 
purified from autotrophlcally grown Bradyrhizoblum japonlcum strain SR 
(Marker et al., 1984). Only one 63,300 dalton peptide was initially found 
in the hydrogenase purified from nodule tissue infected by £. japonlcum 
strain 110 (Arp and Burris, 1979). Homogeneous preparations of B. 
japonlcum strain 110 hydrogenase from root nodules, however, indicated 
that the en^me was a dimer with two subunlts having molecular weights 
close to 60,000 and 30,000 daltons (Arp, 1985). Therefore, the 
hydrogenase purified from B. japonlcum strain 110 is not significantly 
different from those of B. japonlcum strain SR and A. eutrophus. 
Studies using antibody raised against highly purified hydrogenase 
indicated that the enzyme of both strain 110 and SR shared similar 
antigenic determinants (D. Arp, University of California, Riverside, 
personal communication). Schink and Schlegel (1980) reported that 
antibody raised against purified particulate hydrogenase of A. eutrophus 
strain H16 shared no antigenic determinants with crude extracts of Hup* B. 
japonlcum. However, a later stu((y from the same laboratory (Tilak et al., 
1984) Indicated that the antibody against particulate hydrogenase of A. 
eutrophus strain HI cross-reacted with solubilized membranes prepared from 
7 
various Hup"*" Rhizoblum. This result was confirmed by Arp et al. (1985) 
who showed that antibody against hydrogenase of japonlcum strain 110 
cross-reacted with purified particulate hydrogenase of A. eutrophus strain 
H16. Furthermore, Arp et al. (1985) Indicated a significant degree of 
homology between the amino acid compositions of particulate hydrogenases 
from A. eutrophus, B. japonlcum. and Azotobacter vinelandll. Therefore, 
particulate hydrogenase sequences may be conserved among different 
hydrogen-oxidizing bacteria. 
There are several differences between A. eutrophus and B. japonlcum 
hydrogenases. The purified hydrogenase of B. japonlcum is very 
susceptible to oxygen inactivation, whereas the hydrogenase purified from 
A. eutrophus can be stored in air for long periods of time (Tilak et al., 
1984). The conditions which allow expression of hydrogenase are very 
different between japonlcum and A. eutrophus. Even though expression 
of hydrogenase activity in the two organisms is under similar 
catabolite-repression control, A. eutrophus expresses a reasonable level 
of hydrogenase activity during heterotrophic growth conditions, using 
glycerol or formate as the main carbon source (Friedrich et al., 1981a; 
Schink and Schlegel, 1978). The hydrogenase of £. japonlcum has never 
been shown to be expressed under any of the hetrotrophic growth conditions 
tested so far. It has only been observed to be expressed inside soybean 
root nodules or under autotrophic growth conditions with an oxygen partial 
pressure lower than 1% (Maier et al., 1979). Recently, Merberg and Maier 
(1983) reported the isolation of mutants of japonlcum that expressed 
hydrogenase even under 17% partial oxygen pressure. This group of mutants 
also expressed high levels of hydrogenase in the presence of organic 
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compounds and higher hydrogenase activity under autotrophic conditions 
than the wild-type SR strain (Merberg et al., 1983). This indicates a 
possible common element involved in the regulation of catabolite and 
oxygen control in B. japonicum. 
Soluble hydrogenase Soluble hydrogenase has been purified from the 
cytoplasm of A. eutrophus (Schneider and Schlegel, 1976). This enzyme. In 
its active state, reduces NAD*, FMM, FAD, cytochromes, methylene blue and 
other artificial electron acceptors. 
Soluble hydrogenase differs from the particulate hydrogenase of A. 
eutrophus in having four. Instead of two subunlts, and additional FMM 
cofactors (Schneider et al., 1979). Three of the subunlts have been well 
characterized, having molecular weight of 68,000, 60,000, and 29,000 
daltons, respectively. The fourth subunit has only recently been 
described from A. eutrophus strain HI (K. Schneider, unpublished results. 
University of Gottingen, Germany). Particulate and soluble hydrogenases 
show different pH optima, temperature optima, isoelectric points, and 
activation energies. Schink and Schlegel (1980) reported that antiserum 
raised against particulate hydrogenase did not react with native soluble 
hydrogenase, but a small amount of cross-reacting material could be 
detected using freeze-thawed hydrogenases. They concluded that these two 
hydrogenases were different enzymes but shared common substructure which 
was masked in the native enzyme state. 
Like the particulate hydrogenase of A. eutrophus, soluble 
hydrogenase is very oxygen tolerant. It remains stable under conditions 
free of both hydrogen and reductants, such as methylene blue or NAD*. 
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High levels of both soluble hydrogenase and particulate hydrogenase 
activities are expressed under the same conditions. 
Ribulose bisphosphate carboxylase/oxygenase Autotrophically 
grown cells are known to use RuBp carboxylase to assimilate carbon dioxide 
via the Calvin cycle (Friedrich et al., 1979; Purohit et al., 1982). 
RuBp carboxylase has been purified from autotrophical ly grown A. 
eutrophus (Brown et al., 1976) and B. japonicum strain SR (Purohit et al., 
1982). The enzymes in both species are composed of two subunlts. The 
large subunits are 52,000 to 53,000 daltons and the small subunits were 
13,000 to 14,200 daltons. Brown et al. (1976) reported that the 
arrangement between the large and small subunits of A. eutrophus RuBp 
carboxylase was similar to that of higher plants. Results from Purohit et 
al. (1982) also indicated the biochemical similarity between RuBp 
carboxylase of B^. japonicum and higher plants. Antibodly to japonicum 
enzyme, however, did not cross-react with RuBp carboxylases purified from 
wheat, spinach, soybean and tobacco. 
RuBp carboxylase activity was found not only in autotrophically grown 
cells, but also in formate grown cells (Friedrich et al., 1979; Manian and 
O'Gara, 1982). Clearly, Bradyrhizobium and Alcaligenes do not assimilate 
formate directly but first oxidize It to carbon dioxide by formate 
dehydrogenase. The carbon dioxide is then assimilated by RuBp 
carboxylase. RuBp carboxylase and hydrogenase are co-ordinately Induced 
in autotrophical ly grown B. japonicum, but the activity of RuBp 
carboxylase has not been found in bacteroids Isolated from nodules. Most 
of the Bradyrhizobium, despite their Hup" phenotype, have been found to 
possess RuBp carboxylase activity (Manian and O'Gara, 1982). 
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The Hox Genes 
In the literature, the term "hup" is used to describe genes involved 
in the hydrogen-oxidation and hydrogen uptake processes in Bradyrhizobium. 
The term "hox" refers to the genes for hydrogen-oxidation in A. eutrophus. 
Here, the two terms will be used synonymously. 
Plasmid curing experiments indicate that plasmids are associated with 
the ability to oxidize hydrogen in Nocardia (Schlegel, 1976) and in 
Pseudomonas facilis (Pootjes, 1977). Plasmids have also been found to be 
involved in hydrogen oxidation in several A. eutrophus strains: HI, 
ATCC17697 (H16), ATCC17698 (HI), ATCC177G6, and ATCC17707 (Lim et al. 
1980; Andersen et al., 1981; Friedrich et al., 1981b; Tait et al., 1981; 
Behki et al., 1983). Brewin et al. (1980) demonstrated that the 
sym-plasmid (carrying nodulation determinants) of JR. leguminosarum carried 
hup function. Therefore, Behki et al. (1985) suggested that the genes 
involved in hydrogen metabolism might have evolved as part of an 
extrachromosomal system. However, Mergeay et al. (1985) reported the hox 
genes of A. eutrophus strain C34 were encoded by the chromosome. The 
involvement of plasmids in hydrogen metabolism is, therefore, not a 
universal phenomenon. 
Hox genes of Alcaligenes 
Large plasmids between 200 to 300 Mdal have been identified in 
different A. eutrophus strains. A. eutrophus lost its ability to grow 
autotrophically (Hox~) after being treated with plasmid-curing agents such 
as mitomycin C and high temperature. None of the plasmid cured mutants 
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contained hydrogenase activity. The activities of both hydrogenases as 
well as the ability to grow autotrophlcally could be restored by 
mobilizing a wild-type A. eutrophus plasmid Into the plasmld-cured 
mutants. Therefore, the large plasmid of A. eutrophus carries either the 
regulatory or structural components of both hydrogenases (Lim et al., 
1980; Andersen et al., 1981; Friedrich et al., 1981b; Tait et al., 1981). 
Since the large plasmids carry Hox functions, they can be classified as 
Hup plasmids. Tait et al. (1981) treated A. eutrophus strain HI with 
n\ytom1c1n C and recovered a group of mutants defective in soluble 
hydrogenase (Hos~). Plasmid profiles of the Hos~ mutants generated by 
mytomycin C revealed deletions of at least 20 Mdal in the Hup plasmids. 
Hogrefe et al. (1984) transferred the Hup plasmids from different Hos" or 
Hop- mutant strains (defective in particulate hydrogenase) to a 
plasmid-cured Hox" mutant. The recipient strain inherited the plasmid and 
phenotype of the donor, restoring one but not both of the hydrogenase 
activities. These studies indicate that the structural genes of 
hydrogenase are encoded by the plasmid. This conclusion is strengthened 
by experiments involving interspecific plasmid exchange. A. eutrophus and 
A. hvdrogenophilus share a close immunochemical relationship between 
corresponding hydrogenases. Studies indicate that the soluble 
hydrogenases of the two species are exactly the same, whereas the 
particulate hydrogenases of the two species only share a partial identity. 
Friedrich et al. (1984) transferred the Hup plasmid of A. eutrophus strain 
H16 to Hox" A. hydrogenophllus. which was cured of its Hup plasmid. The 
A. hydrogenophllus transconjugants were Hox* and expressed particulate 
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hydrogenase Identical to hydrogenase of A. eutrophus demonstrating that 
the structural genes of hydrogenase are plasmid encoded. 
Hogrefe et al. (1984) have reported a group of mutants with a Hox" 
Nit" (defective in nitrite reduction) phenotype, but with an Intact Hup 
plasmid which is capable of restoring the hydrogenase activity of 
plasmld-cured mutants. Because the Hox* revertants of the Hox" Nit-
mutants are also Nit*, the pleiotrophic phenotype is the result of a 
single mutation. Since this mutation cannot be complemented by wild type 
Hup plasmid, the mutation is probably not plasmid encoded. Evidence from 
TnS-generated Hox" nit" mutants Indicate that the lesions are on the 
chromosome, because Tn^ Is never observed to be co-transferred to other 
recipients with the Hup plasmid. The relationship between nitrite 
reduction and hydrogen oxidation is unknown but several possibilities have 
been hypothesized by Hogrefe et al. (1984) to explain the role of the 
chromosomal genes. The locus may code for (1) a conmon cofactor required 
by both hydrogenases and nitrite reductase, (2) an electron transport 
component, and (3) a regulatory gene necessary for expression of both 
and nit genes. In any case, the chromosomal locus (loci) is involved in 
the regulation of the expression of plasmid encoded Hox genes. 
Plasmld-encoded hup functions of Rhizobium 
Brewin et al. (1980) demonstrated a genetic linkage between 
nodulation ability and hydrogen uptake ability in Rhizobium leguminosarum 
strain 128C53. Since the nodulation genes of strain 128C53 are known to 
be encoded by the self-transmissible plasmid pIJlOOS, the hu^ genes are, 
therefore, also encoded by pIJlOOB (Johnston et al., 1978; Brewin et al.. 
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1982). Behki et al. (1985) successfully transferred pIJlOOS from R. 
legumlnosarum to Hup" R. melllotl. The Hup function is expressed in the 
pIJlOOB-carrying R. meliloti strain, but the level of hydrogen-uptake 
activity is very low. Apparently, other controlling factors are not 
carried by pIJlOOS. 
Plasmids are also found in Bradyrhizobium japonicum (Masterson et 
al., 1982). Only indirect evidence, however, has implied the involvement 
of £. japonicum plasmid in Hup functions. Cantrel1 et al. (1982) could 
find at least one plasmid in every B. japonicum Hup" strain, but no 
plasmids were found in any of the naturally occurring Hup* strains. Two 
plasmids were found in the non-revertible SR Hup" mutants derived from the 
SR Hup* strain, in which no plasmid had been resolved. However, plasmids 
were not detected in revertible Hup" mutants. If the two plasmids of the 
mutant arose from a breakdown of a large, undetected plasmid, then the 
plasmids could carry some Hup functions. Efforts have been made to search 
for the mega-plasmid in B. japonicum, but none have yet succeeded (M. J. 
Skogen-Hagenson, Philips Petroleum, OK. unpublished results). 
Cloning of the hu£ genes of Bradyrhizobium japonicum 
A genomic DNA clone bank of japonicum SR was constructed by 
Cantrel1 et al. (1983) and used to complement the Hup" SR mutant PJ17. 
Clones with overlapping DNA fragments were identified by their ability to 
restore the hydrogenase activity of mutant PJ17, and most of the Hup" 
mutants derived from strain SR. Among those clones, pHUl was further 
characterized by Haugland et al. (1984). They analyzed mutants generated 
by site-directed Tn^ mutagenesis which indicated that at least 15kb of DNA 
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carried by pHUl is involved in Hup function in japonicum strain SR. 
Two transcription units were assigned to pHUl. Lambert et al. (1985) 
reported the recovery of more hup-specific sequences by complementation 
studies and chromosome walking. These clones, pHUSO. 51, 52 and pHU53, 
cover part of the pHUl sequences and extend 20kb beyond its border. Some 
of the wild-type Hup' Rhizobium strains receiving pHU52 have been 
demonstrated to grow under autotrophic conditions. It was concluded that 
the structural genes of particulate hydrogenase are present on pHU52. 
Although pHU52 was able to convert a Hup" phenotype to Hup+, the 
conversion was still mainly dependent upon the host genetic makeup. Thus, 
more studies concerning genes Involved in hup metabolism need to be done 
before particulate hydrogenase from 2' japonicum can actually be used for 
strain improvement. 
Alcaligenes eutrophus 
A great deal of genetic variation exists among strains of A. 
eutrophus. Steinbuchel et al. (1983) compared several fermentation 
enzymes between 18 A. eutrophus species and came to the conclusion that 
strains HI, H16 and several other strains are identical with respect to 
protein and enzyme patterns. Strain CH34 and ATCC17707, however, differ 
greatly from the core group and from each other, taxonomically. The 
variation is also found in genetic, physiological and biochemical 
comparisons. The Hup plasmid of strain HIS was reported to be 
self-transmissible (Friedrich et al., 1981b), whereas Hup plasmids of 
strain ATCC17707 and ATCC17706 could only be mobilized by R-plasmids or 
their derivatives (Andersen et al., 1981; Behki et al., 1983). The 
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formation of both hydrogenases In strain ATCC17707 was reported to be very 
sensitive to the partial pressure of oxygen and catabollte repression. In 
direct contrast to the expression of hydrogenases in the other strains 
(Cangelosi and Wheelis, 1984). Oxygen-insensitive (Ose") mutants of 
ATCC17707 could be obtained at a high frequency by Cangelosi and Wheelis 
(1984). The Ose" mutation was localized to the Hup plasmid of ATCC17707, 
since it co-transferred with hydrogenase activities. The structural genes 
of both hydrogenases are plasmid-determined except in A. eutrophus strain 
CH34. Some, but not all of A. eutrophus strains were found to be able to 
degrade aromatic compounds (Hughes et al., 1984). In general, the results 
of biochemical, genetic and physiological studies appear to be consistent. 
Understanding of the genetic organization of the Hup plasmid of A. 
eutrophus has been hindered by (1) the difficulty of purifying the 
large-sized plasmid and (2) by the lack of a suitable genetic analysis 
system other than conjugal transfer of the entire Hup plasmid. Present 
genetic knowledge has been accumulated by studies involving plasmid curing 
and transfer. Plasmids of several A. eutrophus strains have been shown to 
carry regulatory genes for the degradation of various aromatic compounds, 
such as phenol, toluene, and 2,4-D (Hughes et al., 1984). It is not clear 
whether the plasmids with these regulatory genes carried Hox functions or 
not. In general, plasmids of different A. eutrophus strains are known to 
carry one or more of the following determinants (1) genes that control the 
chromosomally encoded genes responsible for degrading aromatic compounds 
(Hughes et al., 1984), (2) resistance to various heavy metals (Mergeay et 
al., 1985), (3) self-mobilizing ability, (4) regulation of the formation 
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of hydrogenases (Friedrich and Friedrich, 1983), and (5) the structural 
genes of hydrogenases. 
The stu4y of the genetics of A. eutrophus was recently begun. 
Srivastava et al. (1982) generated a variety of TnS Insertlonal mutants of 
A. eutrophus strain H16, but these lesions have not yet been mapped. 
Andersen and Wllke-Oouglas (1984) constructed a total genomic ONA bank of 
A. eutrophus strain ATCC17707, and successfully obtained clones that could 
complement carbon dioxide fixation mutations (Cfx"). 
A. eutrophus provides certain advantages over Bradyrhizobium for 
studying and cloning the hydrogen oxidation (hox) genes. It grows much 
faster than B. japonicum strain SR under both heterotrophic and 
autotrophic conditions. The hydrogenases of A. eutrophus can be induced 
under various heterotrophic conditions and the enzymes are more resistant 
to oxygen inactivation than that of B^. japonicum. Thus, A. eutrophus is 
much easier to manipulate than B. japonicum. The soluble hydrogenase 
system found in A. eutrophus provides a better energy-recycling potential 
than particulate hydrogenase because the soluble hydrogenase generates 
NADH which can be used directly by the enzyme nitrogenase. Because the 
expression of particulate hydrogenase can be dependent upon cooperation 
with electron transport carriers and membrane conformation, the 
cytoplasmically located soluble hydrogenase system appears to have the 
best chance of overcoming the barrier between different Hup" cells. 
Therefore, the soluble hydrogenase system found in A. eutrophus 
potentially provides us with a better and simpler way to improve the 
nitrogen-fixation efficiency of Hup" Rhizobium. 
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The Strategy of Cloning the Hox Genes 
Molecular cloning of a particular gene can often be achieved by 
taking advantage of pre-existing cloned DNA that shows sequence 
conservation with the gene of Interest. The large subunit of RuBp 
carboxylase gene of many higher plants, the structural genes of 
nitrogenase from different nitrogen-fixing bacteria, and the nodulation 
genes of Rhizobium were all cloned by using existing RuBp carboxylase, 
nif, and nod clones, respectively. Unfortunately, soluble hydrogenase has 
never been previously cloned. The only existing particulate hydrogenase 
DNA clone, from Bradyrhizobium, was not easily available. 
The genetic analysis of bacterial genes has been greatly facilitated 
by the development of transposable element mutagenesis and cosmid cloning 
techniques. Transposable element mutagenesis provides a convenient and 
recognizable way to obtain mutants which cannot be obtained by 
conventional mutagenesis (Kleckner et al., 1977). The development of 
cosmid cloning techniques has made possible the construction of R' 
plasmids in vitro for genetic complementation (Ditta et al., 1980). With 
the combination of these two newly developed techniques, genes without 
easily selectable functions can be cloned and analyzed. The molecular 
cloning of hydrogen-oxidizing genes and the physical characterization of 
the hup plasmid of A. eutrophus were accomplished by these two approaches. 
Transposable element mutagenesis 
Transposable elements, as defined by N. Kleckner (1977), are 
"stretches of DNA which, as discrete genetic and physical entities, can 
move from one position in a procaryotic genome to another position in the 
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same or a different genome. These translocation events are promoted by 
recombination systems other than those Involved In general homologous 
recombination...." Transposable elements are able to generate 
recognizable mutations when Insertion occurs within a structural gene or 
an operon. In addition to their translocation abilities, transposable 
drug-resistant elements carry genes conferring resistance to various 
antibiotics. Because of their mobility and the available selection of 
their antibiotic resistances, transposable drug-resistant elements were 
widely used to generate a variety of mutations In procaryotic genomes. 
In addition to Its mutagenlzing ability, a transposable element also 
physically labels the gene It is Inserted into. By hybridization, using 
the transposable element as a probe, the gene being labelled can easily be 
recovered and cloned. Thus, transposable elements provide a direct 
selection for molecular cloning which the conventional mutagens do not. 
Transposable element 5 (Tn^) is known for Its low specificity of 
insertion and moderate but consistent translocation frequency (Berg et 
al., 1984). Tn^ confers resistance to aminoglycoside antibiotics 
kanamycin and neomycin in bacteria, and was recently shown to express 
streptomycin resistance In non-enteric gram-negative bacteria (Putnoky et 
al., 1983; Selvaraj and Iyer, 1984). DMA sequence and restriction 
endonuclease maps of the 5.7kb TnS have been constructed (Jorgensen et 
al., 1979; Beck et al., 1982). Thus, Tn5 is one of the most frequently 
used transposable drug-resistant elements for mutagenlzing bacteria (Berg 
and Berg, 1983). 
Generalized TnS mutagenesis For a transposon to be used as a 
generalized mutagenesis agent, a vector for delivering Tn^ into the 
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bacteria is needed. The vector must (1) carry Tn^, (2) be efficiently 
transferrable into the recipient, (3) carry a selectable marker to 
identify the vector itself, and finally, (4) must not be maintained In the 
recipient. Berlinger et al. (1978) described a general method for 
Introducing transposons into the genome of Rhizobium by constructing a 
"suicide" pTasmId vector, pJB4JI, which was a broad host-range plasmid 
carrying both phage Mu and Tn^. The Mu-containing plasmids cannot be 
stably maintained in many non-enteric recipients, thus permitting direct 
selection for transposition of the transposon from the Mu-containing 
vector to the genome of recipient genome. Using this technique, Berlinger 
et al. (1978) obtained a variety of Tn^ generated auxotrophs of Rhizobium 
leguminosarum. R. trifolii. and phaseol1. Meade et al. (1982) adopted 
the same method to isolate auxotrophs and symbiotic mutants of R. meliloti 
at a frequency of 0.3% among Tn^ containing strains. Genetic analysis 
Indicated that 75% of the phenotypic changes resulted from Tn^ insertion. 
However, in combination with physical analysis using Southern 
hybridization, these authors also noticed the co-transposition of phage Mu 
sequences with Tn^, and transposition of the indigenous R. meliloti 
Insertion sequence ISRml (Ruvkun et al., 1982; Bulkema et al., 1983). The 
Mu sequence found contiguous to Tn5 Increased the difficulty of mapping 
the exact site of Tn^ insertion and also made the cloning Impossible. A 
more serious problem associated with TnS mutagenesis was the Independently 
transposed Indigenous insertion sequence, whose insertion resulted in the 
ambiguous correlation between TnS insertion and phenotype. By using the 
same suicide vector (pJB4JI), in A. eutrophus. Srivastava et al. (1982) 
were able to obtain a variety of auxotrophic and autotrophic mutants at 
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frequencies of 0.8% and 1% of kanamycin-resistant colonies, respectively. 
The distribution of auxotrophic mutants indicated that the insertions of 
Tn^ in A. eutrophus was random. 
Simon et al. (1983) described an alternative method of transposon 
mutagenesis using a special donor I. coH strain containing transfer genes 
(tra) of RP4 integrated into the chromosome and harboring a chimeric 
plasmid vector (pSUPlOU) composed of mobilization functions (mob) and a 
limited host-range E. coli plasmid. The vector pSUPlOll, carrying Tr6, 
was able to be transmitted with the help of chromosomally encoded tra 
genes into various gram-negative bacteria. This suicide vector greatly 
reduced the probability of co-transference of phage Mu sequence, because 
the Mu was not present on the vector. Recently, pSUPlOll has been widely 
adopted by different laboratories to generate auxotroph and symbiotic 
mutants of several Rhizobium species (OuTeau and Atherly, 1983; Hom et 
al., 1984; Chua et al., 1985; Engwall, 1985). 
Site-directed mutagenesis Ruvkun and Ausubel (1981) developed a 
general method to mutagenize a cloned DMA segment in vivo. This technique 
involves several stages: (1) Tn£ is used to mutagenize a fragment of DNA, 
which is cloned into the broad-host range plasmid pRK290, (2) the 
mutagenized cloned ONA is transferred from £. coli to the bacterium from 
which the cloned fragment was originally derived, (3) a second plasmid, 
pR751, which belongs to the same incompatibility group as pRK290, is 
Introduced into the same recipient cell, and (4) both kanamycin resistance 
(coded by Tn^) and trimethoprim resistance (coded by pR751) are selected. 
Since pRK290 and pR751 cannot exist together In the same bacterium, 
selection of trimethoprim forces the loss of pRK290. Therefore, whatever 
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kanan\yc1n-res1stant cells remain are the result of Tn5 Integration. Since 
homologous recombination occurs at a much higher frequency than does 
transposition, most Integration events are the results of homologous 
recombination. Using this strategy, Ruvkun and Ausubel (1981) constructed 
a physical and genetic map of the Rhizoblum melHotl nif genes. A similar 
approach was successful for mapping genes of Bradyrhlzoblum japonlcum 
which are carried on the plasmid pHUl. Recently, a direct method for 
site-directed mutagenesis was developed by Prakash (Native Plants Inc. 
Salt Lake City, UT) and OuTeau (1985). This was achieved by cloning the 
Tn^ mutagen1zed DNA Into the limited host-range plasmid pBR322, which has 
been demonstrated able to be mobilized by the Mob functions of R plasmlds 
(S. Long, Stanford University, California, personal communication). Since 
pBR322 cannot replicate In gram-negative bacteria other than £. coll, the 
retention of kanamycln resistance is a result of homologous recombination 
between the cloned DNA fragment and the recipient genome. 
Cosmid cloning 
Molecular cloning using a vector such as pBR322 has certain 
limitations In studing the gene organization of gram-negative bacteria 
other than £. coll. These limitations Include: (1) failure to clone a 
complete set of genes because of the limited amount of DNA that can be 
efficiently transformed into E. coll, and (2) limited host range which 
restricts applicability to other gram-negative bacteria. The construction 
of a broad-host range plasmid vector has overcome both limitations. 
Ditta et al. (1980) have constructed a binary plasmid vector system 
for studying gene expression of Rhizoblum meliloti. This system consists 
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of two plasmlds derived from the P-group plasmid RK2 which confer 
resistance to tetracycline, kanaqycin and ampicillin. The first is a 
plasmid cloning vector, pRK290, which carries the broad-host range 
replication function of RK2, the second is a helper plasmid, pRK2013, 
which is composed of the RK2 transfer function cloned into ColEI replicon. 
The helper plasmid pRK2013 can mobilize pRK290 (carrying only tetracycline 
resistance) in trans into a variety of gram-negative recipients. Thus, 
ONA cloned into pRK290 can be used directly for complementation studies. 
Knauf and Nester (1982) 1igated pRK290 with a DNA fragment carrying a 
lambda cos site and the kanamycin resistant gene of pHK17 (Klee et al., 
1982) to construct the plasmid pVK102. The presence of the lambda cos 
site enabled use of the lambda packaging system which allows efficient 
isolation of recombinant clones with large DNA insert sizes. The 
kanamycin resistance gene provided a selection marker for insertional 
inactivation. Knauf and Nester (1982) constructed a clone bank of 
Agrobacterium tumefaciens Ti plasmid in pVK102. They reported that DNA 
inserts between 2.3 to 31.5Kb could be packaged into lambda particles. 
With several overlapping clones, they were able to construct a restriction 
endonuclease digestion map of pTi. 
Recently, several cosmid vectors (plasmid with a lambda cos site) 
have been constructed. These vectors, however, either are not able to 
stably maintain a large-sized insert DNA, or they do not contain a 
broad-host range replicon (Engwall, 1985). Therefore, pVK102 is still by 
far one of the most valuable cloning vectors for studying gene expression 
in gram-negative bacteria. 
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OBJECTIVES 
The importance of having a hydrogen-oxidation system in 
nitrogen-fixing bacteria has been discussed in the previous section. The 
hydrogenase system present in Alcaligenes eutrophus provides a useful 
source of genes for strain improvement. Our goal is to transfer genes 
responsible for hydrogen oxidation from Alcaligenes eutrophus into Hup" 
Rhizobium. 
It is necessary to learn more about the genetics of A. eutrophus and 
especially the genetic organization of the Hup plasmid before gene cloning 
and gene transfer can be done. The purpose of this research is to 
understand the genetics of hydrogen oxidation genes and especially 
plasmid-encoded Hox genes of A. eutrophus. This is achieved by the 
following approaches: (1) isolate Tn^-generated Hox mutants, (2) construct 
a cosmid clone bank for complementation studies, and (3) localize plasmid 
regions that are responsible for hydrogen oxidation. 
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MATERIALS AND METHODS 
Bacterial Strains, Plasmlds and Media 
Bacterial strains and plasmlds used, but not originated. In this 
course of studly are listed in Table 1. 
Escherichia coll strains were grown at 37°C temperature In LB medium 
(10 g Olfco Bacto-tryptone, 5 g yeast extract, and 10 g NaCI per liter 
distilled water) with or without antibiotics. Antibiotics supplements for 
£. coll cells are 50 ug/ml for kanamycin, 15 ug/ml for tetracycline, 50 
ug/ml for amplcllHn, 100 ug/ml for streptomycin, and 20 ug/ml for 
chloroamphenicol. 
TY medium (Berlinger, 1974), which contained 5 g Bacto-tryptone and 3 
g yeast extract per liter distilled water, was used routinely to grow 
Alcaligenes eutrophus unless otherwise described. A. eutrophus cells, 
grown at 28°C in TY under normal atmosphere, were referred to as 
heterotrophic grown cells. HUM medium (150 mg NaHgPO^'HgO, 150 mg 
CaCl2*2H20. 250 mg MgSO^'HgO 100 mg NH4CI, 5 mg FeClg'GHgO, 10 mg 
MnSO^'HgO, 3 mg H3BO3, 2 mg ZnSO^'fHgO, 0.25 mg NaMo04*2H20. 0.78 mg KI, 
40 ug CuS04*5H20, and 25 ug CoCl2"6H20 per liter distilled water and 
adjusted to pH 6.8), described by Maier et al. (1978) was used as 
autotrophic growth medium. Fifteen g/1 noble agar were added to make HUM 
plates. For autotrophic growth, Alcaligenes eutrophus was incubated at 
28°C under an atmosphere of 80% hydrogen, 10% oxygen and 10% carbon 
dioxide. FMM medium (Manian and O'Gara, 1982) was used for testing the 
ability to use formate as main carbon source. The FMM medium contained 22 
mM formic acid, 15 mM (NH4)2S04, 50 mM MOPS 
Table 1. Bacterial strains and plasmids used in this study 
Bacterial strain Desacription and characteristics 
Alcaligenes eutrophs 
HI wild type Aut* Hop* Hos* Cfx* 
Hl-4 Hos" derivative of HI 
Hl-6 Aut~ plasmid-cured derivative of HI 
Escherichia coli 
HBlOl gro lac Y Sm r m" 
SMIO RP4-Tc::Mu thi^ t^ leu su 
SMlO-1011 SMIO carrying plasroid pSUPlOll 
Bradyrhizobium japonicum 
110 Hup* Wild type isolate 
SM Hup" Wild type isolate 
PJ17 Hup" derivative of SR (USDA122) 
SRI16 Hup" derivative of SR 
Source and reference 
ATCC17698 
Tait et al., 1981 
Tait et al., 1981 
Boyer and Roulland-Dussoix, 1969 
Simon et al., 1983 
Simon et al., 1983 
USDASIlbllO 
US0A76 
Lepo et al., 1981 
R. Maier, Johns Hopkins University 
Table 1. (Continued) 
Plasmid Description and characteristics Source and reference 
PACYC184 Tet** Cm** Chang and Cohen. 1978 
pSUPlOll pACYC184::Mob Tn^ Simon et al., 1983 
pVK102 Tet** Kan** Knauf and Nester, 1982 
pBR322 Tet*^ Amp** Bolivar et al., 1977 
pBR322::Tn5 Tet** Amp** Kan** D. Berg, Washington University 
pRK2013 Kan"* Ditta et al.» 1981 
PRK2073 pRK2013::Tn7^, Trm"* Leong et al., 1982 
pRLlSD Tet'" Hooykaas et al., 1982 
pGS27 Tet** Cm** (Tn9) Selvaraj and Iyer, 1983 
27 
(3-iN-Morpho11noipropane-su1fon1c acid, pH 6.8), minerals and 1.5% noble 
agar. The minerals were autoclaved and separately added to a final 
concentration of 0.3 g KHgPO^, 0.3 g MgSO^'GHgO, 0.05 g CaCl2, 10 mg 
H3BO3, 1 mg ZnS04, 0.05 mg CUSO4, 0.05 mg MnCl2, 0.1 mg Na2Mo04, and 1 mg 
FeCTg per liters of FW*I medium. 
Bradyrhi20blum japonlcum and Rhizoblum fredll were grown In TY medium 
at 28°C. HUM was also used to test the presence of particulate 
hydrogenase activities among japonlcum strains at 28°C under a gas 
phase of 20% hydrogen, 10% carbon dioxide, 70% nitrogen and trace amount 
of 0}^gen. 
The autotrophic growth conditions with 20% hydrogen and 10% carbon 
dioxide were obtained by flush nitrogen Into a vacuum desiccator for 10 
min and then replaced a fraction of nitrogen gas with either hydrogen or 
carbon dioxide. Similar method was used to acquire 80% hydrogen condition 
except the desiccator was first flushed with hydrogen gas for 10 minutes. 
Conjugation 
Transposon mutagenesis 
Tn^ mutagenesis of A. eutrophus was performed by conjugating with £. 
coll strains carrying suicide plasmid pSUPlOll (Simon et al., 1983) or 
pGS10::Tn£ (Selvaraj and iyer, 1983). Overnight culture of A. eutrophus 
recipients and £. coll donors were diluted to concentrations between 10® 
to 10^ cells per ml. For conjugations, 5 ml culture of both donor and 
recipient cells were separately collected by centrifugatlon at 3,000 rpm 
for 10 min In a GLC-1 centrifuge (Sorvall) and resuspended In sterile 
distilled water. The matlngs were performed by mixing the donor and 
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recipient cells and forcing the mixture onto 0.45 um nitrocellulose Type 
HA minipore filters (MIlHpore Corp.). The filters were Incubated on TY 
agar at 28*0 for 3 days. After Incubation, the cells were resuspended In 
5 ml TY liquid and plated on LB with appropriate selective media. For 
counter selecting coll strain SMlO-1011, either strepton\yc1n or 
nalidixic acid was used depending upon the chromosomal marker of the 
recipient strain. Two-hundred ug/ml kanaqycln were supplemented to LB 
medium to select Tn^-carrying A. eutrophus. Identical conjugation was 
performed for Tn9 mutagenesis of A. eutrophus except using HBlOl carrying 
PGSll::Tn9 as donor strain and selection was made in LB supplemented with 
100 ug/ml chloroamphenlcol. 
Transfer of cosmid clones into Alcaligenes eutrophus or Bradyrhizobium 
japonicum 
pRK2073 (Leong et al., 1982) was used as a helper plasmid, unless 
otherwise described, to transfer recombinant clones constructed in pVK102 
into various bacteria, including A. eutrophus strain Hln, Hl-4n, Hl-6n, 
WU4-1 or WW4-14 as well as £. japonicum strain PJ17, SR116, and Nal^ 
Isolates of SM. Triparental matings were performed on filter membrane as 
previously described with donor:helper plasmid:recipient in a 1:1:1 ratio. 
The mating filter was Incubated on TY agar 3 days for A. europhus strains 
or 4 days for B. japonicum strains. A. eutrophus transconjugants were 
selected either on LB supplemented with 100 ug/ml nalidixic acid and 200 
ug/ml kanamycin or on HUM plates under autotrophic growth conditions. B. 
japonicum transconjugants were either selected on TY supplemented with 100 
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ug/ml nalidixic acid and 400 ug/ml kanamycin or HUM plate under 20% 
hydrogen and 10% carbon dioxide atmosphere. 
Site-directed mutagenesis 
For site-directed mutagenesis, triparental matings were performed as 
described by OuTeau (1385) for mutagenizing Rhizobium fredii. The 
mutagenlzed cloned ONA fragment was either delivered by pACYC184 or pBR322 
with the help of pRK20/3 into A. eutropus recipient cells. Tn^ 
mutagenlzed cloned fragment was acquired as described in Results section. 
Triparental matings were performed between nalixidic acid resistant 
isolates of A. eutrophus, pRK2073 and HBlOl carrying different TnS 
mutagenlzed cloned fragment. Matings were performed as previously 
described. TnS-carrying A. eutrophus colonies were selected on LB 
supplemented with 200ug/m1 kanamycin and 100 ug/ml nalixidic acid. 
Identification of Mutant Phenotype from Tn5 Mutagenesis 
A. eutrophus transconjugants that were resistant to kanamycin after 
con jugat ion  w i th  E .  co l i  SMlO-1011 were  tes ted  fo r  (1 )  auxot rophy ,  12)  
autotrophy, (3) carbon dioxide fixation and (4) particulate hydrogenase 
activity. Transconjugants were transferred to HUMf (HUM medium 
supplemented to 1% with fructose), HUM and FMM media. Mutants that were 
unable to grow on HUMf medium were presumed to be auxotrophs. Mutants 
that could not grow on HUM medium under hydrogen atmosphere were presumed 
to be defective in hydrogen-oxidation; and mutants that were unable to use 
formate as main energy and carbon source were presumed to be defective in 
carbon dioxide fixation. 
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A membrane-filter methylene-blue reduction method described by 
Haugland et al. (1983) was used to initially screen mutants defective in 
particulate hydrogenase. The test colonies were transferred to 9 cm 
(diameter) Whatman No. 541 filters (approximately 15 colonies per filter). 
The filter paper was then transferred to HUM agar and incubated under 
autotrophic growth conditions to allow the expression of hydrogenase 
activity. After a four-day incubation period, filter was removed from 
agar plate and transferred to a clean petri-dish with 0.8 ml of 200 mM 
iodoacetic acid (Sigma), 200 mM malonic acid, 10 mM methylene blue, 50 mM 
KH2PO4, 2.5 mM MgCl2, and pH to 5.6 with KOH. The filter was allowed to 
soak in the methylene blue solution for 10 min under air and the 
petri-dish was slightly tilted to remove excess solution. Then, the 
filter was placed in the same petri-dish under air for 45 min before 
transferring to a gas chamber. The gas chamber was later flushed with 
nitrogen for 15 min to lower the partial pressure of 0)wgen. Assay was 
performed in a continuous flow of hydrogen gas inside the chamber. 
Colonies with particulate hydrogenase activity will reduce methylene blue 
to a colorless oxidized form between 15 to 45 min. Colonies unable to 
reduce the methylene blue were further checked by in vitro hydrogenase 
assay. 
In Vitro Hydrogenase Assay 
A. eutrophus was reported to express high level of both hydrogenase 
activities in heterotrophic growth conditions with glycerol as main carbon 
source (Friedrich et al., 1981a). One ml overnight TY grown A. eutrophus 
culture was collected by centrifugation, washed once with sterile 
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distilled water, and diluted Into 20 ml HUM liquid supplemented with 0.1% 
glycerol to Induce the hydrogenase activities. After a 4 day Incubation, 
cells were collected and washed once in 50 mM phosphate buffer (pH 7.0). 
The washed pel lets were resuspended in 1 ml 100 ug/ml lyso^e (in pH 7.0 
50 mM potassium phosphate buffer) and incubated at 28^C for 30 min and 
collected by centrifugation at 3,000 rpm for 10 min in a GLC-1 centrifuge 
(Sorvall). The bacterial pellets were resuspended in 3 ml 50 nM potassium 
phosphate buffer (pH 7.0) and sonicated on ice 3 times, 30 second each, 
with 1 min Interval using a sonicator (Heat Systems-Ultrasonics, Inc.). 
After sonication, the crude membrane fraction was separated from the crude 
soluble fraction by centrifugation at 10,000 rpm in a RC2-B (Sorvall) 
centrifuge. The supernatant was used as the soluble fraction and the 
pellet was used as the crude membrane fraction. Membrane and soluble 
fractions prepared by this method are not clean; intact cells could be 
found in the membrane fraction and some membrane structure may be present 
in the soluble fraction. Hydrogen-dependent NAD-reduction was used to 
assay the soluble hydrogenase activity (Friedrich et al., 1981a). The 
reaction mixture contained 200 u1 crude soluble fraction mixed with 1.75 
ml 50 mM Tris-HCL (pH 7.0) and 50 u1 1 M NAD* inside a cuvette 
(serum-stopper. Fisher). The cuvette was sealed with a serum stopper. A 
manifold device (Peterson et al., 1982) was used to remove oxygen and 
replace the gas phase inside the cuvette with argon. After the cuvette 
was filled with argon, hydrogen was flushed into the cuvette for 2 min 
through a needle which was punched through the serum stopper. The 
hydrogen-dependent formation of NAOH was followed by the Increase in 365 
nm absorption detected at 25°C. A control sample was prepared at the same 
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time by the same method except the reaction was under argon without 
hydrogen. In the presence of hydrogen, the Increase of OD^gg could be 
detected within the first 5 min and reaction was followed for 30 min for 
every sample and at least 45 min for every presumed Hos" strain, such as 
Hl-6 and Hl-4. All the TnS-generated mutants showed a noticeable amount 
of NADH formation, whereas the Hl-4 and Hl-6 did not. Methylene blue 
reduction was used as an Indicator to assay the particulate hydrogenase 
activity. Ten ul of the crude membrane fraction were added into 2 ml of 
50 mM phosphate buffer (pH 7.0) containing 100 uM methylene blue. The 
reaction mixture was treated the same as for assaying soluble hydrogenase. 
Reduction of methylene blue was followed by decreasing absorption at 570 
nm over a period of 30 min at 25^C. The Hop' mutants showed no sign of 
methylene blue reduction over a period of 90 min. 
DNA Preparation and Gel Electrophoresis 
Modified Eckhardt gel electrophoresis 
Plasmid profiles on agarose gels were obtained by a modified Eckhardt 
procedure (Eckhardt, 1978). Approximately 5 X 10^ TY-grown cells were 
collected in a 1.5 ml Eppendorf centrifuge tube, and resuspended in 20 ul 
of lysis buffer A with 2 ug/ml lysozyme. The lysis buffer A contained 20% 
Ficoll 400,000 in TBE buffer (89 mM Tris, 89 mM boric acid and 8.9 mM 
EDTA). The cells with the lyso^me solution were frozen at -70°C for 10 
min and thawed at room temperature. The just thawed cell mixture was 
loaded into wells (in a 0.8% vertical TBE agarose gel) which contained 30 
ul of 5 mg/ml pre-digested pronase (Sigma) in lysis buffer A. Ten ul of 
20% SDS (sodium dodecyl sulfate) in distilled water were added to the 
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wells and Incubated for 10 min at room temperature to facilitate lysis. 
After Incubation, 50 ul of the first overlay solution (10% Ficoll 400,000, 
and 2% SOS in TBE buffer) were layered on top of the lysing cells and 
followed by 100 u1 of second overlay solution (5% Ficoll 400,000 and 2% 
SOS in TBE buffer). The wells were then sealed with hot agarose. Plasmid 
DMA was separated by electrophoresis In TBE buffer in a dual vertical slab 
gel electrophoresis cell (BioRad Laboratories) for 1 hour at 6 mA, 
followed by electrophoresis overnight at 20 mA. 
Casse Al kaline-lysis and plasmid purification through CsCl-ethidium 
bromide gradient 
The Hup plasmid DMA was isolated from A. eutrophus by an 
alkaline-lysis procedure (Casse et al., 1979) with some modifications. 
One hundred ml overnight-grown A. eutrophus cells were harvested by 
centrifugation at 5,000 rpm in an SS-34 head of the RC2-B (Sorvall) 
centrifuge. The cells were resuspended in 2 to 3 ml high TE (50 mM 
Tris-HCl, pH 8.0, 10 mM EDTA). One hundred and fifty ml lysis buffer 
(made by mixing 50 ml 1 M Tris-HCl pH 8.0, 20 ml 0.5 M EDTA pH 8.0 and 9.8 
ml 10 N NaOH and distilled water to 1 liter of final volume) were added 
all at once into the well-resuspended cells and then itranediately stirred 
very gently with a plastic pipette (Denvllle Scientific Corp.). The cell 
lysate was incubated at 37^C for 30 min. When the sample became clearer, 
9.2 ml of 2 M Tris-EDTA (pH 7.0) were added Into the lysis mixture and 
stirred gently until all the viscosity disappeared. The chromosomal ONA 
remained denatured and precipitated along with SDS-protein complex by the 
addition of 39 ml of 5 M NaCl. The precipitation was allowed to continue 
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overnight at 4°C. The SDS-proteIn complex was removed by centrifugation 
at 10,000 rpm In the SS-34 head of the RC2-B for 30 min at 4°C. After 
centrffugation, the clear supernatant was gently poured out from the 
centrifugation tubes and mixed with 1/5 volume of 50% polyethylene glycol 
8,000 to precipitate the DNA. The precipitation was allowed to continue 
overnight at 4°C. DNA was precipitated by centrifugation at 6,500 rpm for 
30 min at 4% in Corex tubes (Corning). The DNA pellet was resuspended in 
2 ml of high TE (pH 8.0) buffer. An additional 5 ml of TE buffer was 
mixed with 8.5 g of CsCI (Sigma) in a 12-ml disposable tube (Falcon). The 
DNA solution was added slowly to the CsCl solution and gently mixed until 
all the CsCl was dissolved. The tube was covered with tin foil and 0.8 ml 
of ethidium bromide (10 mg/ml) was added and gently mixed. The refractive 
index was measured and adjusted to 1.390 by addition of CsCl or TE (pH 
8.0). Each sample was added to 12-ml polypropylene ultracentrifuge tubes 
(Beckman) and sealed with a heat-sealing device (Beckman). Samples were 
centrifuged in a T150 ultracentrifuge rotor (Beckman) in a Beckman L-2 
ultracentrifuge at 36,000 rpm for 48 hours at 15^C. After the gradient 
was established, the top of each tube was removed and the bands were 
visualized with an ultraviolet light source (Fotodyne). The lower band 
containing covalently closed circular DNA was removed with a plastic 
pipette (Denville Scientific). The plasmid DNA solution was placed in a 
sterile 5-ml tube (Falcon) and the ethidium bromide was extracted with an 
equal volume of isopropanol equilibrated with 5 M NaCl. The extraction 
was repeated until the upper isopropanol phase was clear and did not 
fluoresce in ultraviolet light. The DNA samples were dialyzed against low 
TE (10 mM Tris-HCl, pH 8.0, and 1 mM EDTA) for 24 to 40 hours and followed 
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by 50% PEG (MW 20,000) for 24 hours in a mlcrodlalysls system (Bethesda 
Research Laboratories) at 4° C. The CsCI was removed by dialysis against 
low TE and the sample was concentrated by dialysis against 50% PEG. 
Approximately 400 u1 of DNA sample was removed from the dialysis well and 
mixed with 200 u1 sterile 7.5 M ammonium acetate and 600 u1 Isopropanol. 
The DNA was stored In Isopropanol solution at -20^C until needed. The DNA 
was collected by centrlfugatlon at a microcentrifuge at room temperature 
for 5 min. The supernatant was discarded and the pellet was washed once 
with 70% ethanol to remove excess salt remaining In the Eppendorf tube. 
The pellet was allowed to dry under vacuum and resuspended In 30 u1 of 
sterile low TE (pH 8.0). 
Small scale plasmid DNA preparation 
Alkaline-lysis procedure A small scale plasmid preparation 
procedure Initially designed for Isolating E. coll plasmid DNA (Birnbolm 
and Doly, 1979) was modified to Isolate plasmlds smaller than 50 kb from 
A. eutrophus. Five ml of overnight LB-grown A. eutrophus culture were 
harvested by centrlfugatlon and wel1-resuspended in the small volume of 
solution left after the supernatant was discarded. Cells were transferred 
into a 1.5-ml Eppendorf tube and 200 ul of freshly made 5 mg/ml lysoayme 
solution (in sterile 50 mM glucose, 25 mM Tris-HCl, pH 8.0, and 10 mM 
EDTA) was added. Cells were left at room temperature for 5 min. Four 
hundred ul of freshly made 0.2 N NaOH and 1% SDS solution were added to 
the tube and mixed by gently Inverting the tube several times. The cells 
were Incubated on ice for 10 min. This was followed by adding 300 ul of 
ice-cold solution of 5 M potassium acetate (pH 4.8) which was prepared as 
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follows: To 60 ml of 5 M potassium acetate, 11.5 ml of glacial acetic acid 
and 28.5 ml of water were added. The contents were mixed by Inverting the 
tube gently several times. The DNA was allowed to renature on Ice for 10 
min. The cell debris were removed by centrifuging in a Eppendorf 
microcentrifuge at 4°C for 5 min. The clear supernatant was transferred 
to a clean Eppendorf tube and 4 u1 of DEPC (diethylpyrocarbonate, Sigma) 
were added and allowed to incubate in a 65^C waterbath for 10 min to 
remove DEPC. Samples were centrifuged at room temperature for 5 min to 
remove denatured proteins. The supernatant was transferred to a clean 
Eppendorf tube and mixed with 600 u1 Isopropanol to precipitate the DNA 
(20 min at room temperature). The DNA pellet was collected by 
centrifugation, washed once with 70% ethanol and dried In a vacuum 
desiccator before being resuspended in 30 u1 of low TE (pH 8.0). Fifteen 
u1 of sample were used for digestion with various restriction enzymes. 
Boiling method A quick boiling lysis procedure described by 
Holmes and Quigley (1981) was modified by Prakash (Native Plant Inc., Salt 
Lake City, UT) and used to Isolate recombinant plasmid from £. coll. 
Three ml overnight LB-grown E. coll culture were harvested and resuspended 
in 600 ul STET buffer (8% sucrose, 0.5% Triton X-100, 10 mM Tris-HCl, pH 
8.0, and 50 nM EDTA). Thirty-seven ul of freshly made lyso^me solution 
(10 mg/ml in 10 mM Tris-HCl, pH 8.0) were added to the cells in 1.5-ml 
Eppendorf tube, put Into boiling water for 40 seconds and centrifuged 
Immediately after heat treatment at 4°C. The viscous precipitate was 
removed by a sterile toothpick and 300 ul of 7.5 M ammonium acetate were 
added to the clear supernatant liquid and Incubated on ice for 20 min. 
Samples were centrifuged again at 4°C for 5 min. The supernatant liquid 
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was transferred to a clean tube and mixed with 500 u1 Isopropanol and 
allowed to stand at room temperature for 20 min. DMA was precipitated by 
centrlfugatlon at room temperature. The DNA pellet was washed once with 
70% ethanol, then dried In a vacuum desiccator, and resuspended In 50 u1 
of low TE (pH 8.0). Seventeen u1 of DNA solution were used for each 
restrlctlon-anaTysls. 
Total DNA Isolation 
Four ml TY-grown cells were harvested in a 12-m1 tube (Falcon) and 
resuspended in 3 ml sterile high TE (pH 8.0). Eight-tenths ml of 5 mg/ml 
pre-digested proteinase (Sigma) solution and 0.2 ml of 20% SDS were also 
added to the tube. The lysis solution was Incubated at 37^C for 3 hours 
or until the lysate became clear. Four and half g of CsCl were mixed to 
the lysate, and allowed to sit for 25 min to separate the cell debris from 
clear lysate solution. Three-tenths ml 10 mg/ml ethldlum bromide was 
added to the lysate after the top cell debris was removed. The density 
was adjusted to 1.390. The DNA solution was added to a 4.2-ml 
polypropylene ultracentrifuge tube (Sorvall) and sealed with a cramping 
device (Sorvall). Samples were centrifuged in a TV-865 vertical 
ultracentrifuge rotor (Sorvall) in a Sorvall 0T065B ultracentrifuge at 
55,000 rpm for 4 hours at 15*0. The single band containing total cell DNA 
was removed and cleaned as described previously for cleaning plasmid DNA. 
After ethldlum bromide was extracted from the DNA sample, 200 ul of total 
DNA sample in CsCl solution were mixed with 400 ul sterile distilled water 
and DNA was precipitated by adding 600 ul isopropanol. The DNA was 
collected by centrifuging the Isopropanol solution in a microcentrifuge at 
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room temperature for 5 min. The pellet was washed twice with 70% ethanol 
and allowed to dry in vacuum desiccator. The dried pellet was then 
resuspended in 30 to 50 u1 sterile low TE (pH 8.0) and was stored at 4^C. 
Restriction digests and gel electrophoresis 
Restriction enzymes were obtained from New England Biolabs. DNA was 
digested with 10 units of restriction enzyme (EcoRI, Hindlll, Sail, Xhol 
and BamHl) or 4 units of Hpal per ug of DNA for 2 hours at 37^6. High 
salt restriction enzyme buffer (100 mM NaCI, 50 mM Tris-HCI, pH 7.5, 10 mM 
MgCl2 and 1 mM dithiothreitol) was used for digestions with EcoRI, Sal I, 
and Xhol. Medium salt restriction enzyme buffer (50 mM NaCI, 50 mM 
Tris-HCI, pH 7.5, 10 mM MgClg and 1 mM dithiothreitol) was used for 
digestions with HindiII and BamHI. Low salt restriction buffer consisted 
of 10 mM Tri-HCI (pH 7.5), 10 mM MgCl2 and 1 mM dithiothreitol and was 
used for digestions with Hpal. The buffers were prepared as a lOX stock 
and kept at -20®C. For Hpal and EcoRI double digestion, DNA was first 
digested in low salt buffer by HapI in a 15 ul quantity for 2 hours, then 
1.5 ul of buffer containing 1 M NaCl, 400 nM Tris-HCl (pH 7.5); 0.5 ul of 
lOX high salt digestion buffer; 1 ul of EcoRI restriction enzyme and 2.5 
ul of sterile distilled water were added. For SalI-EcoRI or SalI-Xhol 
double digestion, DNA was digested in high salt buffer in the presence of 
two enzymes, simultaneously. For HindiII-EcoRI double digestion, DNA was 
digested first with HindiII in medium salt buffer and then 1.5 ul buffer 
containing 0.5 M NaCl, 0.5 ul of lOX high salt buffer, and 1.5 ul 
distilled water, and 0.5 ul of EcoRI were added to the 15 ul digestion 
solution. After digestion, samples were placed at 65^C for 10 min and 
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then on ice until needed. Samples were loaded onto a horizontal, 250 ml 
0.8% or 1% agarose (Seakem) gel in TAE buffer (0.04 M Tris-HCl, pH 8.0, 
0.002 M EDTA) and separated by electrophoresis at 3 V/cm for 15 hours at 
room temperature. Lambda DMA was digested with HindiII and included on 
all gels as molecular size standards. After electrophoresis, the gel was 
submerged in an ethidium bromide solution (1 ug/ml), stained for 20 min 
and exposed to ultraviolet light using a 300 nm ultraviolet light source 
(Fotodyne). Photographs of the gel were obtained with a Polaroid MP4 
apparatus, Polaroid 665 film and a promaster Spectrum 7 (HOYA) filter. 
DNA Hybridization 
Southern blot 
DNA was transferred to GeneScreen (New England Nuclear) as described 
by Maniatis et al. (1982) modified from the procedure described by 
Southern (1975). After photographs were taken, the gel was trimmed, 
transferred to denaturation solution (0.5 M NaOH, and 1.5 M NaCl) and 
incubated with gentle shaking at room temperature for 1 hour. The gel was 
rinsed, transferred to renaturation solution (0.5 M Tris-HCl, pH 8.0, and 
1.5 M NaCl) and incubated with gentle shaking at room temperature for 1 
hour. GeneScreen was cut to the exact dimension of the gel, then wetted 
in distilled water and transferred to 2X SSC (0.3 M NaCl and 0.03 M sodium 
citrate) for a few minutes. Two pieces of Whatmann 3 MM filter paper were 
wrapped around a DNA Blot Transfer System for Horizontal Gel 
Electrophoresis Apparatus (Bethesda Research Laboratories), and wetted, 
then the bubbles were carefully removed. The reservoir of the transfer 
apparatus was filled with lOX SSC (1.5 M NaCl and 0.15 M sodium citrate). 
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The gel was placed on the damp filter paper and the wet GeneScreen 
membrane was placed on the gel. One piece of Uhatmann 3 MM filter paper 
and a stack of paper towels cut to the exact dimensions of the gel were 
placed directly on the GeneScreen. A glass plate was placed on top of the 
paper towels and an approximately 500 g weight added to facilitate 
transfer. After 24 hours, the paper towels were removed and the 
GeneScreen was separated from the gel. The GeneScreen was gently washed 
in 2X SSC to remove any residual agarose from the surface of the membrane, 
and baked at 80°C for 2 hours. The gel was stained with ethidium bromide 
to determine if the transfer was complete. 
Colony filter hybridization 
A GeneScreen filter was cut to the desired size and autoclaved. 
Bacteria were transferred by toothpick to sterile GeneScreen filters which 
were laid on top of selective agar media and allowed to grow overnight. 
Bacterial colonies were lysed by a modified procedure based on two methods 
described by Maniatis et al. (1982) and Grunstein and Wallis (1979). 
GeneScreen filters with bacteria colonies were laid on top of 2 layers of 
Uhatmann 3 MM filter paper, wetted in 10% SDS, for 5 min. The filter was 
transferred to the Whatmann 3 MM paper, presoaked in denaturation solution 
(1.5 M NaCl and 0.5 N NaOH), and allowed to sit for 5 min. The filter was 
then transferred to 3 MM paper, presoaked in renaturation solution (0.5 M 
Tris-HCl, pH 8.0 and 1.5 M NaCl), and allowed to sit for 5 min. The 
filter was then laid on top of lOX SSC-saturated filter paper for 10 min 
and dried on a piece of 3 MM filter paper. The dried GeneScreen was then 
submerged In chloroform, shaken vigorously for 1 min, and allowed to dry. 
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The dry filter was baked at SO^C for 2 hours. The filter was washed 
gently In 2X SSC to remove bacterial cell debris and stored until needed. 
Nick translation 
DNA was labelled with alpha 32p-dCTP by nick translation (Rigby et 
al., 1977) using a nick translation kit (Bethesda Research Laboratories). 
Labelled DNA was separated from unincorporated nucleotides by column 
chromatography using Sephadex 6 50-80 (Pharmacia) swollen in TE buffer and 
loaded in a siliconized 5 ml glass pipette. The labelled DNA passes 
rapidly around the beads while the unincorporated nucleotides were 
retained in the resin matrix. The progress of the labelled DNA was 
monitored with a hand-held Geiger counter (Lionel) and approximately 0.5 
ml of labelled DNA was collected. The labelled DNA was denatured by 
boiling for 10 min and rapidly cooled on ice to assure strand separation. 
Hybridization condition 
Hybridization of labelled DNA to membrane bound DNA was performed 
according to the methods described by Prakash and Atherly (1984). The 
membrane was prehybridized with 4 ml of prehybridization solution which 
contained 35% deionized formamide, 3X SSC, 200 ug/ml denatured calf thymus 
DNA, 0.1% SOS and lOX Denhardt's solution (0.2 g Ficoll, 0.2 g 
polyvinylpyrrolidone, 0.2 g BSA and water to 100 ml) at 37°C overnight 
with constant agitation In a sealed bag. The nick-translated DNA was 
mixed with formamide, SDS, and Denhardt's solution to the final 
concentration that was the same as the prehybridization solution. Four ml 
of the hybridization solution containing the probe were added to the 
prehybridization bag and incubated for 40-48 hours at 37®C with constant 
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shaking. At the end of hybridization, the liquid was removed from the bag 
and the filter was washed In 3 changes of 100 ml of wash solution 1 (3X 
SSC, 0.1% sodium pyrophosphate and 1% SOS) for 30-45 min each at 68°C with 
vigorous shaking. This was followed by one wash In 100 ml wash solution 2 
(2X SSC, 0.1% sodium pyrophosphate and 1% SOS) at 68^C for at least 30 
min. The membrane was removed from the bag, partially dried, and wrapped 
in Saran wrap. A hand-held Gelger counter (Lionel) was used to examine 
the membrane to measure the extent for hybridization and to determine the 
amount of time needed to expose the filter to X-ray film. The hybridized 
membrane was exposed to Kodak X-Omat R film with a Cronex Lightning Plus 
intensifying screen (DuPont). After the appropriate exposure time, the 
X-ray film was developed In GBX (Kodak) developer 
Construction of a Cosmid Clone Bank 
Preparation of partially-digested DNA 
A cosmid clone bank containing total DNA from A. eutrophus strain HI 
was constructed in the cosmid cloning vector pVK102 (Knauf and Nester, 
1982), which is a 23 kb broad-host range cloning vector. The single Sal I 
digestion site was chosen for cloning (described in results section). For 
cloning, total DNA of A. eutrophus strain HI was partially digested with 
restriction endonuclease Sail. Conditions were determined to produce DNA 
fragments distributed between 15 to 30 kb. For this reaction, 10 ug of HI 
total DNA were dispensed into 10 tubes, each receiving 1 ug of DNA. The 
restriction enzyme Sal I was added to nine of the tubes at the following 
concentrations; 5, 2.5, 2, 1.25, 0.75, 0.5, 0.4, 0.2, 0.1 units. The 
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tenth tube received no enzyme and was the undigested control. The 
digestion mixtures were incubated at 37^C for 1 hour. 
The digested DNA was loaded to a 0.4%, 150 ml agarose (Seakem) gel, 
and separated by electrophoresis at 3V/cm for 15 hours at room 
temperature. The low agarose concentration allows maximum separation of 
the DNA samples. The enzyme concentration that gave the greatest amount 
of restricted DNA in the 20 to 30 kb range was 0.4 unit/ug which was 
subsequently used for partial digestion. One hundred and fifty ug of 
total DNA were digested by 60 units of Sail restriction enzyme for 1 hour 
at 37OC. The digestion reaction was terminated by heating the sample at 
65^C for 10 min. An aliquot of the partially digested sample was removed 
and analyzed on a mini-gel as described by Maniatis et al. (1982). 
Mini-gels were formed on 2 X 3 Inch glass microscope slides (Fisher). 
Approximately 10 ml of molten (60°C) 0.4% agarose (SeaKem) in TAE buffer 
was used to cast the mini-gels. DNA loaded on mini-gels was separated by 
electrophoresis at TAE buffer for 45 min. After the extent of digestion 
was confirmed, the partially-digested DNA was gently placed on the surface 
of a continuous sucrose gradient (40 to 10%) formed in a gradient former 
in 4 ml polypropylene tubes. Each tube received approximately 50 ug DNA. 
The DNA was separated by centrifugation in a SW-39 rotor at 22,000 rpm for 
20 hours in a Beckman L-2 ultracentrifuge. After centrifugation, 
fractions of 250 ul were collected from the gradient. A 10 ul aliquot was 
removed and added to a 150 ml, 0.4% agarose (SeaKem) gel and separated by 
electrophoresis for 15 hours. The DNA sample from the sucrose gradient, 
containing fragments of 15-30 kb in size, was dialyzed against TE (10 mM 
Tris-HCl, pH 8.0, 1 mM EDTA) to remove the sucrose, concentrated by 
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ethanol precipitation, and resuspended in TM buffer (10 mM Tris-HCI, pH 
8.0, 10 mM MgClg). 
Ligation 
Partially digested total DNA from A. eutrophus strain HI was mixed 
with completely digested pVK102 vector at an insert:vector ratio of 3:1 at 
a final concentration of 0.5 ug/ul in a total volume of 10 u1 low TE 
buffer. A 1 u1 aliquot of the reaction mixture was removed and stored at 
40c. One ul lOX ligase buffer (660 mM Tris-HCI, pH 7.5, 66 mM MgCl2, 1 mM 
ATP, and 100 mM dithiothreitol) and 10 units ligase were added to the 
ligation mixture, gently mixed, and incubated at ISPC overnight. The 
following morning, a 1 ul sample of the ligation mixture was removed and 
added to a 0.4% agarose mini-gel to determine the extent of ligation. The 
unligated sample, lambda DNA digested with Hindlll, and undigested lambda 
DNA were included as size controls. 
In vitro packaging 
The 1igated samples were packaged in vitro by the method of Enquist 
and Sternberg (1979) with modifications by David Morris, (Iowa State 
University, Ames, Iowa). The in vitro packaging mixture was a kind gift 
from D. Morris and J. Williams (Iowa State University, Ames, Iowa). The 
packaging mixture was prepared by using two lysogew strains of £. coll, 
NS428 and NS433. One and one-half ml of NS428 from an overnight culture 
were added to 150 ml LB broth. Similarly, 7.5 ml of an overnight culture 
of NS433 were added to 750 ml LB broth. The cultures were incubated at 
SO^C with vigorous shaking until they reached an OOg^Q of 0.2. The flasks 
were transferred to a 65*0 water bath and the lysogens were induced by 
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raising the temperature of the culture to 45°C. The cells were Incubated 
for 90 min at 39°C with vigorous shaking. After Incubation, cells were 
tested for induction by removing 1 ml of cells to which a few drops of 
chloroform were added. Induced bacteria lysed within 5 min. The flasks 
were immediately cooled on ice and were kept on ice for the remainder of 
the experiment. 
Extract A was prepared by mixing 150 ml of NS433 and 150 ml of NS428 
and pelleting the cells by centrifugation for 10 min in a Sorvall L-2 
centrifuge at 8,000 rpm. The supernatant was removed and the pellet 
resuspended in 0.6 ml buffer A (20 mM Tris-HCI, pH 8.0, 1 m MEDTA, 3 mM 
MgClg, and 5 mM mercaptoethanol). The cell suspension was transferred to 
a 4 ml tube (Falcon) and sonicated 7-8 times using 2 sec bursts. The tip 
of the sonicator (Heat Systems-Ultrasonics, Inc.) was sterilized with 
ethanol and the sample was allowed to cool between each 2 sec burst of 
sonification. The suspension was sonicated until the viscosity was 
reduced. The sonicated suspension was mixed with 0.15 ml glycerol and 50 
u1 aliquots were dispensed in 0.5 ml tubes (Eppendorf) with holes punched 
on the lids. The tubes were iiranediately immersed In liquid nitrogen and 
stored at -70®C. 
Extract B was prepared by centrifuging the remainder of the NS433 
culture (600 ml) at 8,000 rpm for 10 min. The pellet was thoroughly 
drained, resuspended in 1.2 ml Tris-sucrose (30 mM Tris-HCI, pH 7.4, 10% 
sucrose), and 80 ul aliquots were distributed to 1.5 ml tubes (Eppendorf) 
with holes punched in the lids. The tubes were immediately immersed in 
liquid nitrogen for 30 seconds and then placed in water at room 
temperature until thawed. The tubes were quickly immersed in liquid 
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nitrogen again, then rapidly thawed in water at room temperature. Four u1 
of lysozyme solution (1 mg/ml lysozyme in 0.255 M Tris-HCl, pH 7.4) were 
added to each tube, mixed into the lysed cell suspension with an Eppendorf 
pipette tip, and incubated on ice for 30 min. In a separate tube, 0.625 
ml glycerol and 0.2 ml buffer B (6 mM Tris-HCl, pH 7.4, 15 mM ATP, 16 nM 
MgCl2, 60 mM spermidine-HCl, pH 7.4, 30 mM mercaptoethanol, and 100 mM 
putrescine) were mixed together on ice. After the 30 min incubation 
period, 33 ul of this solution were added to each of the lysates on ice 
and mixed with an Eppendorf pipette tip. The tubes were immersed in 
liquid nitrogen and stored at -70®C. 
The ligated samples were packaged according to the following 
reaction; 30 ul buffer A, 2 ul buffer B, 20 ul extract A, and 5 ul ligated 
DNA (10 ug/ml) were mixed and incubated at room temperature for 15 min. 
The entire mixture was added to a freshly thawed tube of extract B, 
thoroughly stirred, and incubated at 37°C for 60 min. After the 60 min 
incubation, 150 ul of ONase solution (100 mM NaCl, 10 mM MgSO^, 50 mM 
Tris-HCl, pH 7.4, and 1 mg/ml DNase) was added and Incubated 15 min at 
37°C. After the unpackaged DNA had been digested, 100 ul of chloroform 
were added and the tube was placed in an Eppendorf centrifuge and spun for 
5 min. The supernatant was placed in a sterile 1.5 ml Eppendorf tube and 
stored at 40C. 
For transducing the packaged cosmid DNA, an overnight culture of £. 
coli HBlOl was diluted 1:50 in 100 ml fresh LB medium supplemented with 
0.4% maltose and incubated at 37^C with shaking until the cells reached 
late log growth. The cells were pelleted by centrifugation for 10 min at 
5,000 rpm in a GLC-1 centrifuge (Sorvall). The bacterial pellet was 
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resuspended In 0.1 volume 10 mM MgCl2. Fifty u1 of bacteriophage were 
added to 0.2 ml cells and incubated for 20 min at room temperature to 
allow bacteriophage to absorb to the bacteria. One ml LB liquid was added 
to the cell suspension and incubated at 37*0 for 1 hour to allow 
expression of the antibiotic resistance genes on the cosmid. One ml of 
0.8% Noble agar (Difco) and 1 ml of LB liquid were added to the cell 
suspension and immediately poured on LB agar plates containing 50 ug/ml 
kanamycin. Kanamycin resistant colonies were transferred to LB plates 
containing 15 ug/ml tetracycline to identify cosmids with inserts. 
DMA Walking and Identification of Cosmid Clone Carrying Specific Sequences 
Purified fragments from agarose gel 
Vector-free DMA fragments or plasmid DNA fragments of certain sizes 
were purified from low melting point agarose gel (SeaPlaque) for nick 
translation. For DNA walking, either EcoRI or Sail digested fragments 
mapped to the ends of a particular cosmid clone were purified and used. 
Cosmid DNA was subcloned into pACYC184 or pBR322 and the insert DNA was 
released from vector by digestion with appropriate enzyme and loaded in a 
0.8% low melting agarose gel and separated by electrophoresis for 15 hours 
at 3 V/cm. The gel was stained in ethidium bromide and photographed under 
UV light as usual. The desired band was identified and removed from the 
gel by cutting the surrounding agarose with a razor blade. 
The slice of agarose containing the DNA fragment was added to a 12 ml 
tube (Falcon) containing 5 ml low salt priming buffer (0.2 M NaCl, 20 mM 
Tris-HCl, pH 7.5, 1.0 mM EDTA). The mixture was heated to 90°C to melt 
the agarose. An Elutip-d column (Schleicher & Schuell) was prepared 
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according to the manufacturer's Instructions. The column was prewashed by 
forcing 2 ml of high salt eluding buffer (1.0 M NaCl, 20 mM TrIs-HCl, pH 
7.5, 1.0 mM EDTA) through the matrix. The column was then primed by 
forcing 5 ml low salt priming buffer through the column to wash out the 
high salt solution. A disposable filter (Schleicher & Schuell) was 
attached to the column to filter out any gel particles. The low salt 
solution containing the DNA fragment was forced through the filter and the 
column where the DNA absorbed to the matrix of the column. The filter was 
removed and the DNA on the column eluted with 0.4 ml high salt eluding 
buffer. The sample was collected in a 1.5 ml Eppendorf tube and 0.6 vol 
isopropanol was added to precipitate the DNA. The DNA pellet was washed 
with 70% ethanol, dried under vacuum, and resuspended In 10 u1 sterile low 
TE (pH 8.0). The purified fragment was then nick-translated for colony 
hybridization. 
Restriction mapping 
Cosmid clones showing hybridization to the same fragment probe were 
purified by the boiling method (Holmes and Quigley, 1981). The purified 
plasmid DNA was subjected to single or double digestion with various 
restriction endonucleases. The digestion conditions were the same as 
previously described and digested DNA was loaded on a 1% agarose gel. The 
fragments were separated by gel electrophoresis at 3 V/cm for 15 hours. 
The gel was stained and photographed. The sizes of fragments were 
determined as In relation to lambda HindiII digested fragments also 
present In an adjoining lane. 
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Subcloning Fragments and Cloning of TnS^Containing Fragment 
For subcloning 7.3 kb Sail and 3.75 kb Sail fragments of the Hup 
plasmid, cosmid clone pCA17-26 (see Results section) was completely 
digested with restriction endonuclease Sail and 1igated with Sal I-digested 
pACYC184 in a 10:1 ratio. The digested ONA were mixed and precipitated 
together and resuspended in TM buffer to a final ONA concentration of 100 
ug/ml for ligation. Ligation conditions were the same as that for 
ligating pVK102 with HI partially digested ONA. The degree of ligation 
was confirmed in a 0.7% mini-gel. The ligated ONA was transformed into 
coli strain HBIOI. Approximately 100 ng of ligated ONA was added to 0.3 
ml competent E. coli HBlOl cells. The competent HBlOl cells were prepared 
as described by Maniatis et al. (1982). The cells were grown at 37^C with 
shaking until they reached an OD^QQ of 0.4, cooled on ice for 30 min, and 
harvested by centrifugation in a GLC-1 centrifuge (Sorvall) for 10 min. 
The cell pellet was resuspended in 0.5 vol of ice-cold 0.1 M MgCl2 and 10 
mM Tris-HCl (pH 7.6). The cell-suspension was allowed to sit on ice for 
20 min and pelleted again by centrifugation and resuspended in 1/15 vol of 
the same solution. The cells were then allowed to stay at 5°C overnight 
to develop competency. For transformation, 100 ng of ONA was mixed with 
0.3 ml of competent cells and allowed to sit on ice for 30 min. The 
cell-ONA mixture was then heat-shocked at 42°C for 2 min, and put back on 
ice for an additional 30 min. Seven-tenths ml LB broth was added and the 
cell suspension was incubated at 37^C for 1 hour to allow the antibiotic 
resistance genes on the transforming ONA to be expressed. One ml 0.8% 
noble agar and 1 ml of LB were mixed with transformed cells and 
immediately plated on LB plates supplemented with 20 ug/ml 
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chloroamphenlcol. After Incubation at 37°C overnight, individual colonies 
were tested for tetracycline resistance. Plasmid DMA was isolated from 
and Tet^ colonies and digested with Sail. Insert DMA was separated on 
0.8% agarose gel electrophoresis and compared to the Sail-digested 
pCA17-26 to determine the size of insert. The clones that contained Sail 
fragments were subcloned into pACYC184 and designated as pCM. 
For subcloning 12 kb EcoRI fragment from cosmid pCA17-16, EcoRI was 
used to digest pACYC184 and pCA17-16. After complete digestion of both 
vector and insert DMA and confirmed by mini-gel analysis, the DMA were 
precipitated by isopropanol. Ligation and transformation were performed 
as previously described. Transformed cells were selected on LB 
supplemented with 15 ug/ml tetracycline. The transformants were tested on 
LB supplemented with 20 ug/ml chloroamphenlcol. ONA from Cm^ and Tet*" 
clones were isolated by the boiling method described previously and 
digested with EcoRI to determine the size of insert DNA. All the EcoRI 
fragments subcloned Into pACYC184 were designated as pE. 
For cloning fragments containing Tn^, EcoRI was used to digest both 
A. eutrophus DNA (either total DNA or plasmid ONA) and pBR322. The extent 
of digestion of both ONAs was examined by mini-gel analysis and 
precipitated in isopropanol as previously described. Ligation and 
transforming HBlOl were performed as previously described. Transformed 
cells were selected on LB supplemented with 50 ug/ml ampicillin and 50 
ug/ml kanamycin. Each individual transformant was then tested if the 
tetracycline resistance gene was expressed. 
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RESULTS 
Construction of A Total Genomic DNA Library of 
AT cal1gènes èutrophus 
Genomic DNA libraries constructed In broad-host range cosmid vectors 
have been widely used In the genetic analysis of gram-negative bacteria. 
Such DNA libraries have been used for (1) direct selection of certain 
genes by their ability to complement known mutations (Long et al., 1982; 
Cantrell et al., 1983; Andersen and W1Ike-Douglas, 1984), and (2) mapping 
large pieces of DNA by overlapping clones (Knauf and Nester, 1982; 
Masterson, 1984). This strategy was adopted to study Hox genes of 
ATcallgenes eutrophus strain HI (ATCC17698) and the genetic organization 
of the Hup plasmid. 
Selecting a suitable vector 
Cosmid vector pVK102 (Knauf and Nester, 1982) was selected for the 
following reasons: (1) it has been shown to be mobilized by pRK2013 into 
A. eutrophus strain ATCC17707 (Andersen and WiIke-Douglas, 1984), (2) it 
contains a lambda cos site for cloning large DNA Inserts, (3) it has 
several unique cloning sites leading to the Inactivation of either 
kanamycin or tetracycline resistant genes, and (4) it has no restriction 
endonuclease EcoRI digestion site. 
PreTiminary experiments with pVK102 
The frequency of pVK102 mobilization by different helper plasmids 
into A. eutrophus was tested. Three A. eutrophus strains were used as 
recipients: (1) the wild-type strain HI, (2) a Hos" (defective in soluble 
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hydrogenase) strain Hl-4 which Is a mitomycln-generated plasmld deletion 
strain of HI (Tait et al., 1981), and (3) a Hox" strain Hl-6, which is a 
rnytonycin-generated plasmid-cured strain (Tait et al., 1981). For 
counterselecting £. coli donors, spontaneously-derived nalidixic acid 
resistant (Nal^) recipients were used. Data in Table 2 indicate that 
p-group helper plasmld pRL180 (Hooykaas et al., 1982) demonstrates the 
highest mobilization ability, whereas helper plasmld pRK2073 (pRK2013 
Kan::Tn7) shows a 20 to 50 fold decrease from its parental plasmld pRK2013 
in the ability to mobilize pVK102. There is no noticeable difference 
between plasmid-cured and plasmid-containing recipient cells. It was 
possible to purify pVK102 from all the transconjugants by the 
alkaline-lysis method described in the Materials and Methods. The 
molecular weights of Isolated plasmids from transconjugants, however, were 
sometimes bigger than that of pVK102. Several extra restriction 
endonuclease fragments which were not present in pVK102 were found in the 
bigger plasmids. Isolation of larger plasmids occurred more frequently 
when pRL180 was used as a helper plasmld. pRL180 is probably the source 
of the extra fragments since (1) it can maintain itself in Rhizobium 
fredi1 (DuTeau, 1985; Engwall and Atherly, Plant Mol. Biol, in press) and 
(2) its transfer mechanism likely involves a cointegrate structure with 
the plasmld being mobilized (Engwall and Atherly, Plant Mol. Biol, in 
press). 
Selecting a suitable cloning site 
A. eutrophus strain HI was tested for its spontaneous mutation 
frequency in response to different antibiotics at various concentrations. 
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Table 2. Mobilization frequency of pVK102 
Helper plasmid Recipient strain Frequency of transfer* 
pRLiaO Hlnb 8.0 X 10-4 
Hl-4nC 2.5 X 10-4 
Hl-6nd 3.3 X 10-4 
PRK2013 Hln 6.8 X 10-6 
Hl-4n 5.5 X 10-6 
Hl-6n 6.7 X 10-6 
PRK2073 Hln 2.0 X 10-7 
Hl-4n 1.3 X 10-7 
Hl-6n 2.5 X 10-7 
^Frequency of transfer is calculated by Kan"" per NaT" cell for 
conjugantions using pRLlSO and pRK2073 as helper plasmids. Frequency of 
transfer by pRK2013 is calculated by Tet*^ per NaT" cell. 
^Spontaneously derived NaT** of HI. 
^Spontaneously derived Nal^ of Hl-4. 
^Spontaneously derived Nal*" of HI-6. 
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Results shown in Table 3 indicate that both kanaqycin and tetracycline are 
good selection markers for strain HI. Since the genomic library was to be 
used later for complementing TnS-generated mutations, the tetracycline 
resistance gene was chosen as the selectable marker for the plasmid. The 
kanamycin resistance gene was chosen to be inactivated by insertion of the 
cloned DMA into two convenient restriction sites, HindiII and Xhol. The 
Hup plasmid DMA of HI was completely digested with either HindiII or Xhol 
and DMA fragments were separated by agarose gel electrophoresis. Complete 
digestion with either enzyme gave rise to several fragments larger than 
40kb (results not shown). DNA fragments under 18 or bigger than 30 kb, 
however, cannot be efficiently packaged into lambda particles with pVK102. 
Therefore, the Sail site located within the tetracycline resistance gene 
was the only available cloning site for constructing a genomic DNA library 
in pVKlOZ. Complete Sail digestion of the Hup plasmid gave rise to a 
majority of fragments smaller than 8kb. The small size of these fragments 
facilitates making a uniform-sized partial digestion with DNA sizes 
ranging between 20 to 30kb. Therefore, the Sail site of pVK102 was chosen 
as the cloning site for the A. eutrophus genomic DNA library. 
Total genomic library construction 
Because of the difficulty in obtaining Hup plasmid DNA, a total DNA 
clone bank rather than a plasmid DNA clone bank was constructed. 
Partial-SalI-dioested total HI DNA was fractionated by a continuous 
sucrose gradient. Sucrose fractions containing DNA sized between 15 and 
3Qkb were used for ligation with completely SalI-digested pVK102. The 
1igated DNA was packaged into lambda particles in vitro and transduced 
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Into coll strain HBlOl (Materials and Methods). Ninety-nine percent of 
the transductants were found to contain pVK102 with insert DNA. This was 
determined by the ratio of Kan** Tet® colonies over Kan*" Tet** colonies. 
Plasmid DNA of 18 Kan^ Tet^ colonies was isolated by the boiling method 
(Materials and Methods) and digested with Sail. The average size of the 
insert DNA of these 18 colonies was 23kb. Approximately 910 col ones were 
needed to represent the genome of A. eutrophus at 99% probability. This 
number was calculated by the following equation: 
No. of clones = In (l-P)/ln (1-f) 
where P is the desired probability, and f is the fractional proportion of 
the genome in a single recombinant. One thousand Kan^ and Tet^ cosmid 
clones were constantly maintained as single colonies and used in the 
following studies. The restriction endonuclease Sail digestion pattern of 
plasmids isolated from these one thousand colonies was similar to the 
pattern of Sail digested total DNA. Therefore, the one thousand colonies 
could represent the entire genomic DNA library. 
Transposon Mutagenesis 
Because A. eutrophus is naturally resistant to high levels of 
ampicillin (or carbenicillin), streptomycin (Table 3), and trimethoprim 
(data not shown), transposons carrying these markers are unsuitable for 
mutagenesis. Thus, only Tn^ (Kan^), Tn9 (CamT), and TnW (Tet^) are 
selectable in A. eutrophus. Since both Tn^ and TnlO are reported to have 
(1) low transposition frequencies and (2) certain specificity for the site 
of insertion (Kleckner et al., 1977), the potential usage of these 
transposons could be limited. 
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Table 3. Frequency of spontaneously occurring antibiotic resistance In A. 
eutrophus strain HI 
Medium Antibiotic Concentration (ug/ml) Frequency 
Z-a Kanamycin 200 1.0 X 10"3 
LB streptomycin 100 conf1uent 
LB streptomycin 600 2.0 X 10"® 
LB streptomycin 800 5.0 X 10"? 
LB tetracycline 10 6.2 X 10"* 
LB tetracycline 50 5.6 X lO'll 
LB Kanamycin 50 conf1uent 
LB kanamycin 100 1.1 X 10"® 
LB kanamycin 200 4.0 X 10"10 
LB nalixidic acid 100 2.4 X 10"* 
LB nalixidic acid 300 6.7 X 10-10 
LB rifampcin 500 2.5 X 10"* 
LB chloroampphenicol 100 2.0 X 10"? 
LB chloroampphenicol 200 1.0 X 10"® 
LB ampicillin 200 conf1uent 
^Z~ medium Is a minimal medium. 
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Suicide plasmids carrying either Tn£ or Tn^ were Introduced Into A. 
eutrophus strains HI and Hl-4. In order to counterselect the E. coll 
donors on rich media, spontaneously derived Sm** (streptomycin resistant) 
or Nal^ (nalidixic acid resistant) isolates of both A. eutrophus strains, 
HI and Hl-4, were used as recipients. 
Tn9 mutagenesis 
The Tn£ containing suicide plasmid pGS27 constructed by Selvaraj and 
Iyer (1983) was introduced into A. eutrophus strains Hln (Nal^ Isolate of 
HI) and Hl-4n (Nal^ Isolate of Hl-4). Nalidixic acid and chloroamphenicol 
resistant colonies of A. eutrophus appeared at a frequency of 1.6 X 10"®. 
This is very close to the spontaneous mutation frequency to 
chloroamphenicol resistance of, 1 X 10"®. Attempts to mutagenize strain 
Hl-4n with Tn9 under various conjugation conditions involving different 
donor/recipient ratios and different growth phases of conjugating cells 
were unsuccessful. This could be due to the low transposition frequency 
of Tn^ or the inefficiency of transferring pGS27 into A. eutrophus, or 
both. 
TnS mutagenesis 
Srivastava et al. (1982) reported using pJB4JI (RP4::Mu carrying TnS) 
to mutagenize A. eutrophus strain H16. The Tn^ transposed at a low 
frequency of 5 X 10"®. Another suicide plasmid pSUPlOll gave a similar 
Tn^ transposition frequency in A. eutrophus in this study. £• coll strain 
SMlO-1011 carrying the suicide plasmid pSUPlOll (Cm*^, pACYC184::Mob, 
carrying Tn^) was conjugated with A. eutrophus strains His (SmT derivative 
of HI) or Hl-4n. Kanamycin resistant (Kan^) transconjugants appeared at 
frequency between 2 to 8 X 10"* per His recipient cell and 2.8 to 5 X 10"? 
per Hl-4n recipient cell. More than 500 His transconjugants colonies were 
hybridized to ^^P-1abe11ed pBR322::Tn5^. All but one showed strong 
hybridization to the Tn^ probe on colony filters. This Indicates that Tn^ 
was transferred Into the A. eUtrbphUs genome. 
Identification of Tn5-generated mutants In A. eutrophus strain His 
Approximately 1,200 His colonies derived from TnS mutagenesis were tested 
for their resistance to chloroamphenlcol. About 8% of the Kan'* 
transconjugants were Cm*" which suggests 8% of the transconjugants retained 
the whole suicide plasmid or part of It containing both markers. Since 
co-transposition of the vector DMA m^y confuse the correlation between Tn5 
Insertion and the phenotypic change, these Cm^ colonies were not used in 
later studies. The rest of. the Kan** Cm® colonies were tested for their 
ability to grow on different media. Auxotrophic mutants, which were 
identified by the inability to grow on minimal medium HUMf, represented 
approximately 1% of the transconjugants. This frequency is comparable to 
the 0.8% auxotroph frequency reported by Srivastava et al. (1982) using 
TnS to mutagenize A. eutrophus strain H16. 
The prototrophic colonies were tested for their ability to grow under 
autotrophic conditions. Mutants unable to grow autotrophically (Auf) 
appeared at a frequency of 1% among the prototrophs. A11 of the Aut~ 
mutants were tested and shown to be able to use formate as the main carbon 
source for growth. Thus, RuBP carboxylase in these Autr mutants does not 
seem to be affected (Friedrich et al., 1979; Manian and O'Gara, 1982), and 
their phenotypes should be Hox' Cfx*. 
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A filter methylene blue reduction assay was developed by Haugland et 
al. (1983) to select Hup*** Bradvrhlzoblum japonicum. Bacteria were 
transferred to a filter paper by replica plating; the filter was then 
Incubated under autotrophic conditions to allow the expression of 
hydrogenase. After Induction, the filter was transferred to a solution 
containing methylene blue and respiratory Inhibitors under hydrogen 
atmosphere. The Hup* japonicum will reduce the surrounding methylene 
blue to the oxidized form and a colorless zone will form. This method 
provides a quick and convenient way to analyze a large number of bacteria 
for the presence of particulate hydrogenase aclvity In a short period of 
time. This technique was adopted in order to screen for A. eutrophus 
mutants defective in particulate hydrogenase. There are certain 
limitations of this technique as applied to A. eutrophus. First, Hop* 
bacteria produce large colorless zones that sometimes cover the Hop" 
bacteria. Therefore, not many bacterial colonies can be assayed on one 
filter. Second, because the soluble hydrogenase can also reduce methylene 
blue, proper controls are necessary for each assay and the potential Hop" 
colonies should be tested again by the in vitro methylene blue reduction 
assay. Using this method to screen 400 colonies, seven were isolated and 
confirmed by iri vitro ensyme assay to be Hop" mutants. 
Tait et al. (1981) reported that the generation time under 
autotrophic conditions was much longer in Hos" mutants of A. eutrophus 
whereas Hop" (defective in particulate hydrogenase) mutation had very 
little or no effect on autotrophic growth rate. Based on this 
observation, efforts were made to select slow-growing TnS^containing cells 
under autotrophic conditions. None of the TnS^containing cells showed a 
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measurably longer generation time during growth under conditions where 
hydrogen was the main energy source. Some strains Initially seemed to 
have a slower growth rate than the wild-type, but an In vitro soluble 
hydrogenase assay indicated that the enzyme was not affected. Forty Tn$ 
carrying strains were randomly chosen and tested for the absence of 
soluble hydrogenase activity; none of them were found to be defective in 
soluble hydrogenase. Therefore, not a single soluble hydrogenase mutant 
was obtained by Tn^ mutagenesis of strain His. 
Attempts to isolate mutants defective In carbon dioxide fixation were 
also unsuccessful in strain His. All the transconjugants grew well on 
formate. 
Identification of TnS-generated mutants in A. eutrophus strain Hl-4 
All the Tn5-contain1ng strains derived from Hl-4n are resistant to high 
levels of streptomycin (Sm). Tn^ is reported to express Sm** in 
non-enteric gram-negative bacteria (Putnoky et al., 1983). Approximately 
1.3% of the Kan^ Sm*^ Hl-4n transconjugants were auxotrophs. Autotrophic 
mutants were Isolated at a frequency of 2% of the transconjugants. Since 
the parental strain Hl-4n has no soluble hydrogenase activity, mutations 
affecting either hydrogen metabolism via particulate hydrogenase or carbon 
dioxide fixation will result in the Aut" phenotype. One potential Cfx~ 
mutant, out of 300 Kan^ Sm*^ colonies tested, was Isolated because it could 
not grow autotrophically and was unable to use formate as the main carbon 
source for growth. The remaining Aut" mutants were all able to grow on 
formate. The true lesion of the Cfx' mutant strain, WW4-7, will have to 
be determined by an in vitro RuBP carboxylase assay. 
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Analysis of TnS-Generated Mutants 
Mutants generated by Tn^ were subjected to physical analysis. Since 
the structural genes responsible for hydrogen oxidation are plasmld 
encoded, TnS-generated plasmld mutants might be more useful for molecular 
cloning of the structural genes of the hydrogenase. A suiranary of the 
mutants being studied In detail Is listed In Table 4. 
TnS generates plasmld-cured mutants In A. eutrophus 
A modified Eckhardt In-well-lysis gel electrophoresis procedure was 
used to check for the presence of Hup plasmld In Tn^-generated mutants. 
Results In Fig. 1 Indicate the Hup plasmld was present in all the mutants 
except the Aut' mutants, WWl-2 (lane 3), and WWl-3 (lane 4). Efforts to 
find plasmids in Aut" mutants derived from His have not been successful. 
WW4-4 (data not shown), which represented 0.3% of the Kan^ transconjugants 
of Hl-4n, was the only plasmldless strain Isolated from Hl-4n. The high 
frequency, 1% and 0.3%, of plasmld curing has never been reported from Tn^ 
mutagenesis in other bacteria. This could be either because large 
portions of DNA are necessary for maintaining the plasmld, or genes for 
plasmld replication have certain hot-spots for Tn^ insertion in A. 
eutrophus strain HI. 
TnS generates plasmld deletions in ^ eutrophus 
Some strains derived from His harbor a plasmld that migrates as fast 
as the Hup plasmld of plasmld deletion strain Hl-4. All of them migrate 
faster than the wild-type Hup plasmld does (Fig. 1). When plasmids of the 
Hop" mutants WWl-11 and WWl-12 were separately loaded into wells with the 
wild-type HI plasmld, two bands resolved after electrophoresis (data not 
Table 4. A. Eutrophus mutants generated by Tn5 mutagenesis 
Bacterial Parental Phenotype Presence of Tn5 insertion Reversion 
strain strain plasmid site frequency 
WWl-l His auxotrophy + chromosome 
WUl-2 His Aut" Cfx - chromosome 
UUl-3 His Aut" Cfx* - chromosome 
WWl-11 His Aut* Hop" Hos* Cfx* + plasmid 
WWl-12 His Aut* Hop" Hos* Cfx* + plasmid 
WWl-13 His Aut* Hop" Hos* Cfx* + chromosome 
WWl-14 His Aut* 
+ 
Hop" 
+ 
Hos* 
+ 
Cfx* + chromosome 
WW!-101 His Aut Hop Hos Cfx + plasmid 
WWl-102 His Aut* Hop* Hos* Cfx* + plasmid 
WWl-103 His Aut* Hop* Hos* Cfx* + plasmid 
WWl-104 His Aut* Hop* Hos* Cfx* + plasmid 
WW4-1 Hl-4n Aut Hop" Hos Cfx* + chromosome 
WW4-3 Hl-4n Aut" Hop" Hos" Cfx* + plasmid 
WW4-4 Hl-4n Aut Cfx* - chromosome 
WW4-5 Hl-4n Aut Hop Hos Cfx* + plasmid 
WW4-7 Hl-4n Aut Cfx" + chromosome 
WW4-8 Hl-4n Aut Hop Hos Cfx* + plasmid 
WW4-14 Hl-4n Aut Hop Hos Cfx* + chromosome 
WW4-15 Hl-4n Aut Hop Hos Cfx + chromosome 
WW4-18 Hl-4n Aut Hop Hos Cfx* + plasmid 
<1 X 10 
<1 X 10 
-10 
-10 
-10 
<1.35 X 10 
1.5 X lO"^ 
-10 
<3.8 X 10 
1.92 X lO"^ 
-10 7.69 X 10 
4.08 X 10"® 
-10 
<5.5 X 10 
-8 3.36 X 10 
"8 2.7 X 10 
1 2 3 4 5 6 7 8 9 10 tl 12 13 
Figure 1. Agarose gel electrophoresis of plasmid DNA from A. eutrophus after Tn^ 
mutagenesis. Lane 1, WWl-101; lane 2, WWl-14; lane 3, WWl-2; lane 4, 
WWl-3; lane 5, WWl-13; lane 6, UUl-11; lane 7, WWl-104; lane 8, HI; lane 
9, WWl-14; lane 10, WWl-12; lane 11, Hl-4; lane 12, WWl-102; lane 13, 
WWl-103. 
I  2 3  4 5 6 7 8  9  1 0  1 1  > 2  1 3  
at 
Figure 2. Hybridization of ^^P-labelled pBR322::Tn^ to the filter prepared from the 
agarose gel electrophoresis shown in Fig. 1. The lane contents are the 
same as for Fig. 1. 
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shown). Therefore, at least two Tn^-generated strains were confirmed to 
carry a smaller plasmid by gel electrophoresis. Two more plasmid deletion 
strains were Isolated later by random selection. 
Tn5 Inserts Into the Hup plasmid 
In order to determine the site of Tn£ Insertion, the gel shown In 
Fig. 1 was transferred to GeneScreen filter paper by the Southern transfer 
technique (Materials and Methods) and hybridized to ^^P-1abe11ed 
pBR322:;Tn5. Plasmids of the two Hop' mutants, WWl-11 and WWl-12, are 
shown In Fig. 2 to hybridize to the Tn£ probe (lanes 6 and 10, 
respectively). Plasmids from mutants WWl-13 and WWl-14 represent the 
remaining Hop" mutants and do not hybridize to Tn^ (lanes 2 and 5). 
Plasmids from the auxotrophic mutant WWl-1 and the Cfx~ mutant WW4-7 also 
do not hybridize to Tn^ (data not shown). A group of mutants that showed 
no phenotypic change was randomly selected to test for the possible 
insertion of Tn^ on their Hup plasmids. This group of mutants, 
represented by WWl-101, WWl-102, WWl-103, and WWl-104 (Fig. 2, lanes 1, 7, 
12, and 13), could be obtained at a frequency of 8% out of 150 
TnS^containing His colonies (Fig. 2). The Tn^ transposed Into the Hup 
plasmid can also be detected in Aut~ mutants derived from Hl-4n. Tn^ 
hybridized to plasmids from WW4-3, WW4-5, WW4-8 and WW4-18 but not to 
plasmids from the remaining Aut' mutants (data not shown). 
Analysis of the Plasmid Deletion Mutants 
Comparison of EcoRI-digested plasmid patterns of plasmid deletion strains 
Upon careful examination of the Eckhardt gels, two strains, WWl-101 
and WWl-102 appeared to have smaller Hup plasmids. Therefore, two more 
Figure 3. Agarose gel electrophoresis of restriction endonuclease 
EcoRI-digested plasmld DNA from A. eutrophus wild type and Tn^ 
mutant strains. Lane 1, WUl-101; lane 2, UWl-102; lane 3, 
WVIl-103; lane 4, WWl-11; lane 5, HI; lane 6, Hl-4; lane 7, 
UUl-12; lane 8, WWl-1; lane 9, WWl-13; lane 10, 
HindiII-digested lambda DNA served as molecular weight 
standard. 
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strains may possess plasmid deletions. In addition to the two Hop" 
strains, WWl-11 and WWl-12. In order to determine whether strains UWl-101 
and WWl-102 Indeed carry deletions and If the four plasmid deletion 
strains share the same deletions or not, plasmlds were Isolated and 
digested with restriction endonuclease EcoRI. Fig. 3 shows that plasmlds 
of strains UWl-101 and WWl-102 which contain deletions seemingly Identical 
to the deletions existing on plasmlds of the two Hop' mutants WWl-11 and 
WWl-12, and the Hos~ strain Hl-4 (compare lanes 1, 2, 4, and 6, vs. lane 
7). Molecular weights of the missing fragments have a sum close to SOkb. 
In contrast to the plasmid deletion strains, plasmlds of strains WWl-103 
(lane 3) and WWl-104 (data not shown) do not appear to differ detectably 
from wild-type, other than the Tn£ Insertion (Data not shown). Plasmlds 
from the remaining Tn^-generated mutants, which are known not to have TnS 
Inserted onto the Hup plasmid, have identical EcoRI-digestion patterns as 
the wild-type HI plasmid (compare lanes 3 and 8 vs. lane 5). 
The plasmid deletion strains isolated either by Tn5 mutagenesis or 
by mitomycin C treatment seemed to have the same deletions despite the 
differences In phenotype. If the deletion region of the Hos" mutant 
strain Hl-4, as reported by Tait et al. (1981), is responsible for the 
soluble hydrogenase activity, all of the plasmid deletion strains should 
have the same Hos' phenotype. On the contrary, TnS-generated mutants 
WWl-11 and WWl-12 are defective in particulate hydrogenase activity; 
whereas WWl-101 and WW102 express both hydrogenase activities. Therefore, 
the deleted ONA is not responsible for the phenotypic change unless there 
are small variations which cannot be detected by the restriction pattern 
comparison. 
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Plasmtd deletion strains share a conanon deletion on the Hup plasmid 
To clarify whether different plasmid deletion strains indeed share a 
common plasmid deletion, cosmid clones carrying DNA from the deletion 
region were isolated from the total genomic clone bank. Because the HI 
plasmid also shows hybridization to the chromosomal DNA (data will be 
presented later), the Hup plasmid DNA could not easily be used as a 
hybridization probe to obtain cosmid clones containing plasmid sequences. 
Two approaches using different DNA probes to identify cosmid clones 
containing DNA deleted from the plasmid deletion strains were developed. 
Fig. 4 shows a BamHI-digested restriction pattern comparison between 
plasmlds of strains HI and Hl-4. The Hl-4 Hup plasmid lost three BamHI 
fragments of 15kb, 12.5kb, and lO.Skb while an 8.5kb fragment appeared as 
an extra band. The new 8.5kb fragment was likely generated from part of 
the missing BamHI fragments. DNA containing predominantly these three 
missing BamHI fragments were purified from a low-melting point agarose gel 
and nick-translated for colony hybridization (Materials and Methods). 
Several colonies showing different degrees of hybridization to the probe 
were identified. Plasmlds were purified from each colony and digested 
with BamHI. Plasmid DNA from strains CA14-27 and CA8-7 containing BamHI 
fragments close to 12.5kb in size were studied further. pCA14-27 was 
confirmed to be from the deletion region by its hybridization pattern to 
total DNA purified from deletion strains and wild-type (Fig. 5). One of 
the largest hybridization bands, corresponding to 12.5kb fragment, is 
present in the wild type HI, but not the plasmid deletion strains. In 
addition, an S.Skb DNA hybridization band became visible in all the 
plasmid deletion strains but not in the wild type HI strain. Therefore, 
70 
1 2 
8.5 
—15 
Fiai 
(kb) 
Figure 4. Agarose gel electrophoresis of restriction endonuclease 
BamHI-dlgested plasmid DNA from A. eturophus. Lane 1, Hl-4; 
lane 2, HI. Molecular weights shown are the BamHl DNA 
fragments. 
Figure 5. Hybridization of ^^P-labelled pCA14-27 to total DNA from 
wild-type and plasmid deletion mutants of A. eutrophus. Lane 
1, wild-type HI; lane 2, Hl-4; lane 3, WWl-11; lane 4, WWl-12; 
lane 5, WUl-101. Molecular weights shown are the BamHI DNA 
fragments showing different hybridization between wild-type and 
plasmid deletion mutants. 
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pCA14-27 carrys the ONA from one of the deletion junctions. Sail 
digestion patterns of three cosmid plasmlds, which originally showed 
hybridization to the three missing BamHI fragments, were found to overlap 
with the digestion pattern of pCA14-27. These clones (pCA8-7, 
pCA17-26 and pCA2-40) span an area of over 32kb ONA. Twenty-one kb of 
32kb Is not present In the plasmid deletion strains (restriction 
endonucieases map Is shown In Fig. 6). Plasmid pCA17-26 was 
nick-translated and hybridized to total ONA Isolated from various 
TnS-generated mutants (Fig. 7). This figure shows that plasmld-cured 
(UWl-2) and plasmid deletion (Hl-4, WWl-11, WWl-12 and UWl-101) strains 
are missing ONA fragments homologous to pCA17-26, while wild-type HI and 
the remaining TnS carrying strains retain the homology. Therefore, the 
sequence contained in pCA17-26 was completely lost from the plasmid 
deletion and plasmld-cured strains. A faint 9kb hybridization band, which 
does not correspond in size with any of the EcoRI fragments from the 
surrounding cosmid clones, is visible in ONA from all the strains (Fig. 
7). Since the 9kb extra band could not be found when purified Hup plasmid 
ONA was used for hybridization (Fig. 7, lane 10), this homologous sequence 
probably originated from the chromosome. Total ONA from the Tn£ carrying 
strain WW1-103 (Fig. 7, lane 9) shows a different hybridization pattern to 
the pCA17-26 probe: a 17kb EcoRI ONA fragment becomes visible, while the 
llkb fragment is missing. The changed hybridization pattern can be 
explained by TnS insertion into the llkb EcoRI ONA (Fig. 6). 
Efforts using the ONA walking technique (see Materials and Methods) 
to find clones carrying the remaining ONA from the plasmid deletion region 
have been unsuccessful. Most frequently, probes used for ONA walking were 
0 m 
WWl-103 
1 
llkb 
PCA17-26-
PCA2-40 
pCA8-7 PCA14-27 
2.5kb 
Figure 6. Restriction map of part of the plasmid deletion region. The arrow indicates the 
Tn5 insertion site. Shaded area represents the DNA which is retained in the 
plasmid deletion mutants. 
Figure 7. Hybridization of 32p-1abeT1ed pCA17-26 to DNA from wild-type 
and Tn£-generating mutants of A. eutrophus. Lanes 1-9 are 
total DNA and lane 10 is plasmid DNA. Lane 1, UWl-2; lane 2, 
UWl-1; lane 3, WWl-ll; lane 4, UWl-12; lane 5, UWl-13; lane 6, 
WWl-101; lane 7, WWl-102; lane 8, HI; lane 9, WWl-103; lane 10, 
plasmid DNA from HI. Molecular weights are fragments mentioned 
in the text. The largest hybridization band observed in lane 8 
is due to the incomplete digestion of HI total DNA. 
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taken from the ONA fragments located on the extreme ends of one particular 
clone. Since pVK102 has no EcoRI restriction site and the clone bank was 
constructed In the Sail site, EcoRI and Sail were used most frequently to 
generate end fragments. Failure to successfully walk along the ONA 
suggested that the clone bank was not complete. It might be that only a 
small portion of pCA2-40 DMA overlapped with cosmid clones containing 
surrounding ONA and consequently was not being detected by low degree of 
overlapping homology. 
The rest of the cosmid clones with ONA from the deletion region were 
obtained by colony hybridization, using a probe composed of several EcoRI 
fragments from the strain HI plasmld. The probe composed of most of the 
plasmid EcoRI ONA fragments larger than 9.6kb and Included ONA fragments 
from both the deletion and non-deletion regions. Using this probe, dozens 
of colonies were obtained and their EcoRI digestion patterns are shown in 
Fig. 8A. 32p-TabeTTed plasmids purified from strain HI and strain Hl-4 
were hybridized to a filter prepared by Southern blotting the gel shown in 
Fig. 8A. These hybridization patterns are shown on Fig. 8B and Fig. SC. 
^^P-labelled plasmid from HI and Hl-4 were also hybridized to filter 
prepared by Sail digested cosmid clones (results not shown). The results 
of these comparisons are summarized in Table 5. Cosmid clones, containing 
ONA from the deletion region, were identified by containing ONA 
hybridizing to plasmid HI but not to Hl-4. Cosmid clones pCAll-23 and 
pCAl-24 were identified as containing putative junction sequences since 
Hl-4 plasmid hybridized to some but not all of the Sail fragments which 
hybridized to the HI plasmid (Table 5). To confirm this point, pCAll-23 
and pCAl-24 were used as probes for hybridization to EcoRI-digested total 
Figure 8. Agarose gel electrophoresis and hybridization of plasmid DNA 
derived from cosmid clones. 
A. Agarose gel electrophoresis of EcoRI-dlgested plasmid DNA 
Isolated from HBlOl containing cosmid clones. Lane 1, pCAll-9; 
lane 2, pCA8-5; lane 3, pCA13-10; lane 4, pCAl-24; lane 5, 
pCA12-21; lane 6, pCA7-45; lane 7, pCA2-40; lane 8, pCAlO-36; 
lane 9, pCAl-4; lane 10, pCA14-9; lane 11, pCA14-3; lane 12, 
pCA4-37; lane 13, pCA2-32; lane 14, pcA3-44; lane 15, pCA4-12; 
lane 16, pCA16-44; lane 17, pCAll-32; lane 18, pCA16-40; lane 
19, pCA17-41; lane 20, pCA16-31; lane 21, pCA19-9; lane 22, 
pCA15-40; lane 23, pCAll-23; lane 24, pCA16-41. 
B. Hybridization of ^^P-labelled plasmid from HI to the filter 
prepared from A. Contents of the lanes are the same as In A. 
C. Hybridization of ^^P-labelled plasmid from Hl-4 to the 
filter prepared from A. Contents of the lanes are the same as 
In A. 
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1 2 3 4 5 6 7 8 9 10 11 12 1314 151617 18 19 20 21222324 
Figure 8. (continued) 
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Table 5. Summary of hybridization data presented in Fig. 8 
cosmid clone hybridization probe pHl pHl-4 origin of cloned DNA 
pCAll-g partial* partial unknown 
pCAB-S ^b deletion 
pCAia-lO + + plasmid 
pCAl.24 + partial^ deletion junction 
PCA12-21 chromosome 
PCA7-45 + deletion 
PCA2-40 + deletion 
pCAlO-36 chromosome 
pCAl-4 chromosome 
PCA14-9 + + plasmid 
PCA14-3 + partial^ deletion junction^ 
PCA4-37 + + plasmid 
PCA2-32 + + plasmid 
PCA3-44 partial partial unknown 
PCA16-44 + + plasmid 
pCAll-32 + + plasmid 
PCA4-12 + deletion 
PCA16-40 + deletion 
PCA17-41 partial partial unknown 
PCA16-31 + + plasmid 
PCA19-9 chromosome 
PCA15-40 + + plasmid 
pCAll-23 + partial^ deletion junction 
PCA16-41 + + plasmid 
®Only part of the cloned DNA hybridized to the probe. 
the cloned DNA fragments hybridized to the probe. 
^Only part of the Sail DNA fragments hybridized to the probe. 
^Identical to the cosmid clone pCAl-24. 
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ONA. Different hybridization patterns were seen for plasmld deletion 
strains and wild-type strains (results not shown). The two clones share a 
similar Sail restriction digestion pattern (data not shown), and the 
Insert DMA of both cosmid clones, pCAl-24 and pCAll-23, also hybridized 
strongly to each other. There was no detectable homology, however, 
between the two clones and pCA8-7 (results not shown). pCAl-24 and 
pCAll-23, therefore, are overlapping and are derived from the junction at 
the opposite end of the plasmld deletion with respect to pCA8-7. 
Comparison of the hybridization pattern of Fig. 88 and Fig. 8A shows 
that some cosmid clones hybridized to the HI plasmld but not to the Hl-4 
plasmld. These colonies were probably derived from the plasmld deletion 
region. This was confirmed by hybridizing the cloned DMA to total DMA 
isolated from wild-type and plasmld deletion strains. All of the clones 
hybridized to HI total DMA but not to any of the plasmld deletion strains 
or plasmid-cured strains (data not shown). The linkage relationship 
between these clones and pCAl-24 or pCAll-23 has not been completely 
established. The same comparison (Table 5) Indicated that some of the 
colonies seem to have partial homology with both plasmld probes. Those 
clones could be derived from chromosomal ONA which has some homology with 
plasmld ONA (discussed later in this section), or may be the result of 
genome rearrangement during cosmid cloning. 
Efforts were made to find more clones containing ONA from the plasmld 
deletion region. Numerous experiments involving chromosomal walking, 
mapping, and Southern hybridization to various restriction endonucleases 
digestion, were all without success. Since only two deletion Junctions 
were found, the deletions very likely comprise a continuous stretch of 
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DMA. Results of an experiment in which total DMA of plasmid deletion 
strains were digested with various restriction endonucieases and 
hybridized to pCA14-27 (Fig. 5) and pCAl-24 (results not shown) suggest 
that the deletions from plasmid deletion strains start very close, if not 
at an identical nucleotide, on their respective Hup plasmids. Therefore, 
strain Hl-4 might have a separate mutation which is responsible for the 
loss of soluble hydrogenase. Moreover, the plasmid deletions may not be 
responsible for the loss of particulate hydrogenase in WWl-11 and WWl-12. 
Mapping of the TnS Insertion site 
Since the deletions are probably not responsible for the phenotypic 
change, the Hop" mutants must have a second lesion which is very possibly 
generated by TnS insertion. By hybridization to the total DNA isolated 
from mutants WWl-11 and WWl-12, it was known that only one copy of TnS 
inserted into each strain, and the sites of TnS insertion were different. 
WWl-11 and WWl-12 possess a 9kb and 17kb EcoRI fragment hybridizing to 
TnS, respectively. 
Cloning of ^ TnS-containing fragment from strain WWl-11 
Since the kanamycin-resistance gene of TnS is not inactivated by 
EcoRI digestion (Jorgensen et al., 1979), TnS^containing EcoRI fragments 
should express kanamycin resistance. Plasmid DNA isolated from strain 
WWl-11 was digested with restriction endonuclease EcoRI. which has no 
internal recognition site on TnS, and ligated with EcoRI digested pBR322. 
Tetracycline and kanamycin resistant £. coli strain HBlOl colonies were 
selected after transformation. One clone, pCA264t, carrying a 9kb EcoRI 
insert was identified. pCA264t was nick-translated and hybridized to 
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EcoRI-dlgested His and WWl-11 total ONA. Ffg. 9 shows that pCA264t 
hybridized to a 3.6kb EcoRI DMA fragment from His total DMA, whereas It 
hybridized to a 9kb EcoRI fragment from WWl-11 total DNA. This experiment 
confirmed that pCA264t carries Tn5 and DNA sequences flanking the 
transposon from strain WWl-li. 
The Tn5 Insertion sites of strains WWl-11 WWl-12 and WWl-101 are clustered 
Since Tn^ contains two Hpal sites at the very end of the two Inverted 
repeat IsM sequences (Jorgensen et al., 1979), the two DNA sequences 
flanking TnS were released by EcoRI and Hpal double digestion of pCA264t 
(Fig. 10). The 2.4kb Hpal-EcoRI fragment of pCA264t was purified and 
nick-translated for colony hybridization in order to select for homologous 
recombinant clones containing the wild-type DNA sequence. Several cosmid 
clones hybridizing to the 2.4kb Hpal-EcoRI fragment were obtained. 
Analysis of this region, containing the Tn5 insertion site of WWl-11, was 
extended by DNA walking. Three clones (pCA17-16, pCA2-50 and pCA13-44) 
covering the surrounding 40kb DNA region were mapped and are shown in Fig. 
11. With these cosmid clones, we were able to map the Tn^ Insertion sites 
of strains WWl-12 and WWl-101. This was achieved by hybridizing total DNA 
isolated from WWl-12 and WWl-101 to pCA17-16 (map is shown in Fig. 11 ). 
Data indicated that both WWl-12 and WWl-101 have insertions on the 12kb 
EcoRI fragment, which resulted in the hybridization of a 17kb (instead of 
the 12kb) EcoRI fragment to pCA17-16 (results not shown). Fine structure 
mapping of the Tn^ insertion sites of WWl-12 and WWl-101 was achieved by 
hybridizing the 12kb EcoRI fragment to total DNA of WWl-12 and WWl-101 
digested with various restriction endonucleases. Fig. 11 indicates that 
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Figure 9. Hybridization of ^^P-labelled pCA264t to EcoRI-dlgested total 
ONA Isolated from A. eutrophus. Lane 1, strain HI; lane 2, 
strain UWl-11. 
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1 2 3 
pBR322-~ 
27.93 
9.46 
6.66 
4.26 
- 2.3 
- 1.96 
(kb) 
Figure 10. Agarose gel electrophoresis of restriction endonuclease 
digested pCA264t. Lane 1, double digestion with EcoRI and 
Hpal; lane 2, EcoRI digestion; lane 3, HindiII-digested lambda 
DNA serving as molecular weight strandard. The top three 
bands of lane 1 are due to partial digestion. 
2.5kb 
E2-lt 
WWl-101 WWl-12 WWl-11 
1 1 1 
Sail mm 7.3 « ### 
EcoRI U 3.7 
PCA17-16 
PCA2-50 
HpCA13-44 
Figure 11. Restriction map of the plasmid region encoding function for particulate hydrogenase 
activity. Arrows indicate sites of Tn^ insertion. Shaded area indicates regions that 
show homology to chromosomal DNA. 
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the Tn5 Insertion sites of strain WWl-12 and WWl-101 are both within the 
same 12kb EcoRI DMA fragment and are separated by 7kb. The TnS Insertion 
sites of WWl-11 and WWl-12 are separated by only 3kb. 
Mapping the Tn5 Insertion sites of stralns WWl-102 WWl-103 and WWl-104 
The Tn^ Insertion site of WWl-103 was mapped to the llkb EcoRI 
plasmid fragment Inside the plasmid deletion region found In plasmid 
deletion strains. This was found by hybridizing total DNA from WWl-102 to 
pCA17-26 (restriction map shown in Fig. 6). Results shown in Fig. 7 
Indicated that EcoRI-digested total DNA from WWl-102 had a different 
hybridization pattern than wild-type when probed with pCA17-26. A 17kb 
fragment band. Instead of the llkb fragment of the wild-type, hybridized 
to pCA17-26. The 17kb fragment also hybridized to a TnS probe (data not 
shown). Apparently, the change in the hybridization pattern is the result 
of TnS Insertion. 
The EcoRI fragments containing TnS insertions were cloned from 
WWl-103 and WWl-104 by using the same strategy described for cloning the 
TnS-containing fragment in WWl-11. The sites of Tr6 insertion in WWl-102 
and WWl-104 have not been mapped in detail and they are not linked to the 
two previously mapped plasmid regions. 
Summary 
The sites where TnS inserts into the Hup plasmid were cloned. The 
TnS Insertion sites of Hop' mutants WWl-11 and WWl-12 are only 3kb away 
from each other and 7kb away from the insertion site of WWl-101. The 
relationship of this region to the shared plasmid deletion region is 
unknown but DNA flanking the TnS insertion is definitely not deleted in 
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any of the plasmid deletion strains. In other words, the TnS Insertion 
sites are not directly linked to the site where the deletions occur. 
Usually, transposon elements are capable of generating deletions In their 
vicinity (Kleckner et al., 1977). However, In this case the Tn5 elements 
were found to be quite distant from the deletion site. 
One mutant, WWl-103, with no noticeable phenotypic change, has a Tn^ 
Insertion mapped to the llkb EcoRI fragment Inside the shared plasmid 
deletion region. The sites of Tn^ Insertion in strain WWl-102 and UWl-104 
have not been completly mapped; therefore, their relationship to the two 
mapped plasmid regions are uncertain. 
Genetic Complementation and Localization of Plasmid Encoded Hox Genes 
The Hop" phenotypes of WWl-11 and WWl-12 could be a result of either 
(1) Tn5 insertion, (2) the deletion on the plasmid, or (3) a combination 
of these, assuming there are no third undetected genomic changes. The 
data indicate that the same plasmid deletion is shared between plasmid 
deletion strains with different phenotypes. Therefore, the deletion is 
very unlikely to be the cause of the Hop' phenotype in strains WWl-11 and 
WWl-12. Since a third undetectable factor such as transposition of an 
endogenous insertion element (Meade et al., 1982) may confuse the 
explanation, a correlation between Tn^ insertion and the observed 
phenotypic change cannot be made until site-directed mutagenesis is 
performed. 
Site-directed mutagenesis in Alcaligenes eutrophus 
pCA264t (construction was described in previous section) was 
introduced into A. eutrophus strains Hln, Hl-4n and Hl-6n by the helper 
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plasmid pRK2073. Data in Table 6 indicate that kanamycin resistant 
colonies were obtained only when strains Hln and Hl-4n were used as 
recipients. Kanatqycin resistant transconjugants appeared at a frequency 
between 3.0 to 8.8 X lOr®, which is close to the frequency of random TnS 
mutagenesis. Since homologous recombination occurs much more frequently 
than TnS transposition, most of the kanamycin resistant colonies should be 
the result of homologous recombination between the Hup plasmid sequence 
and the sequences flanking the TnS present on pCA264t. This is confirmed 
by the fact that no kanamycin transconjugant could be scored when Hl-6n, 
which is plasmidless and shows no homology to pCA264t, was used as 
recipients. In theory, the occurrence of single cross-overs is more 
frequent than that of double cross-overs. The result of single cross-over 
is cointegration that retains the antibiotic marker(s) coded on the 
vector. However, none of the tetracycline resistant transconjugant has 
ever been detected in any strain of £. eutrophus. Thus, all the kanamycin 
transconjugants are probably all derived from double cross-over events. 
There is a serious problem associated with site-directed mutagenesis 
in A. eutrophus. that is, the kanamycin resistant marker is very unstable. 
Kanamycin resistant colonies could be selected right after conjugation and 
the colony size of the potential transconjugants were large. The 
transconjugants became kanamycin sensitive within several generations, 
thus, makes further genetic studies impossible. Sometimes the loss of 
kanamycin resistance is associated with the loss of the Hup plasmid, 
because no plasmid could be detected in those Kan^ cells. Sometimes it is 
simply loss of TnS itself which was never detected in random TnS-generated 
mutants. Therefore, up to now, the site-directed TnS mutagenesis in A. 
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Table 6. Frequency of transferring Kan** Into A. eutrophus 
Donor Recipient Selection marker Frequency 
HBlOl (pCA264t) Hln Tet, Kan, Nal <1.0 X 10-9 
Hln Kan, NaT 8.8 X 10-8 
Hl-4n Tet, Kan , Nal <1.0 X 10-9 
Hl-4n Kan, Nal 3.0 X 10-8 
Hl-6n Tet, Kan, Nal <1.1 X 10-9 
Hl-6n Kan, Nal <1.1 X 10-9 
HBlOl (pE2.lt) Hln Tet, Kan, Nal <6.6 X 10-9 
Hln Kan, Nal 2.8 X 10-7 
Hl-4n Tet, Kan, Nal <1.1 X 10-9 
Hl-4n Kan, Nal 3.2 X 10-7 
Hl-6n Tet, Kan, Nal <1.4 X 10-9 
Hl-6n Kan, Nal <1.4 X 10-9 
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eutrophus Is not as defined as those reported in Rhizobium (Ruvkun and 
Ausubel, 1981; OuTeau, 1985). 
The failure to generate mutants by site-directed mutagenesis is 
consistent between different experimental designs. An in vitro method to 
label1 a 12kb EcoRI plasmid DNA fragment with part of the Tn^ was 
developed. This is accomplished by subcloning the 12kb EcoRI fragment of 
pCA17-16 into pACYC184 (Fig. 11). The clone pE2, which expresses 
tetracycline resistance, was subjected to partial Sail digestion and 
ligated with Sall-Xhol double digested pBR322::Tn^. Since the 
tetracycline resistant gene of pBR322 is completely destroyed by Sail 
digestion, the chance of having the tet gene reconstructed and ligated 
with the kanamycin resistance gene carried on the SalI-Xhol fragment is 
low. Therefore, the tetracycline and kanaqycin resistant HBlOl 
transformants should contain the Kan^ determinant and Is^l sequence of 
Tn^ inserting into any three of the four Sail sites present on the pE2. 
There are four Sail sites existing on the pE2, three of them are located 
within the 12kb EcoRI insert and one located inside the Tet** DNA of 
pACYC184. Three different kinds of Kan^-labelled 12kb EcoRI clones could 
be obtained by selecting Tet*" Kan^ colonies. One clone, pE2-lt, was 
chosen for introduction into A. eutrophus because the Kan^ determinant is 
located in the center (Fig. 11), which provided a longer stretch of 
homologous DNA flanking the Kan^. Table 5 indicates the Kan^ colonies 
appear at high frequency, but no tet*^ colony could be selected. Again, we 
observed the same phenomenon of rapidly losing kanamycin resistance 
marker. Thus, the approach of generating site-specific mutants was 
unsuccessful. To determine whether this failure is common for all the DNA 
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sequences of the Hup plasmid, or just limited to sequences carried by pE2, 
Tn5-1abe11ed llkb DNA fragment from pCA17-26 was used for site-directed 
mutagenesis. Again, after Kan^ transconjugants were selected, the Kan^ 
maker was lost after several generations. The size of Kan^ colonies first 
found on the selection plates is large enough to exclude the possibility 
of having abortive conjugation. Colonies were taken right after they 
appeared on the selection plates and hybridized to TnS probe. Data from 
these transconjugants suggested that they indeed harbor TnS. Since the 
TnS was transferred into recipient strains, the loss of TnS must happen in 
a later stage. For unknown reasons, approaches to generate mutation of A. 
eutrophus by site-directed mutagenesis were discouraging and provided no 
information for mapping the Hox genes. 
Physical analysis of the^Aut" mutants derived from strain Hl-4n 
Cosmid clone pCA13-44, containing 7.3kb Sail DNA (Fig. 10), was used 
to hybridize to Sail digested total DNA isolated from eight Aut' mutants 
derived from Hl-4n by Tn£ mutagenesis. A general problem, which 
associated with any hybridizations of cloned fragments from the Hup 
plasmid to total DNA, is that the chromosomal sequences also showed 
homology to plasmid sequences. Later, in the results section, evidence of 
repetition of the Hup plasmid sequences on its chromosomal counterpart 
will be discussed in detail. This repetition can be seen in Fig. 12 where 
the total DNA from the plasmid-cured strains hybridizes to pCA13-44 (lane 
3). Fig. 12 shows that the 7.3kb DNA fragments of strains UM4-1, 
WW4-8, and WW4-14 are interrupted by insertion, which give rise of two new 
bands hybridizing to pCA13-44 in each strain. The different 
Figure 12. Hybridization of ^^P-labelled pCA13-44 to Sail-digested total 
DNA from A. eturophus. Lane 1, WW4-1; lane 2, WW4-3; lane 3, 
WW4-4; lane 4. WW4-5; lane 5, WW4-8; lane 6, WW4-14; lane 7, 
WW4-15; lane 8. WW4-1 with pCA2-50; lane 9, UW4-18; lane 10, 
partially digested Hl-4 total DNA. Molecular weights shown 
are the Sail DNA fragments mentioned in the text. D: 
duplication. 
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hybridization pattern of strain WW4-8 (lane 5) seems to be a result of Tn5 
Insertion, because the two new ^11 fragments also hybridize to TnS probe 
(results not shown). Whereas, strains WW4-1 and WW4-14 do not seem to 
have TnS Inserted Into the 7.3kb S^I ONA fragment because the total 
molecular weight of the two new hybridizing bands Is only 8.6kb, which Is 
much smaller than the calculated size of 7.3kb Sail ONA with a S.7kb TnS 
Insertion. Therefore, a smaller fragment of unknown origin Is probably 
Inserting Into the 7.3 S^I ONA fragments of strains WW4-1 and WW4-14. 
Strains WW4-3 (lane 3) and WW4-18 (lane 9) each have one extra large ONA 
band faintly hybridizing to pCA13-44. When EcoRl-digested total ONA of 
strains WW4-3 and WW4-18 were hybridized to pCA13-44 (Fig. 13), extra 
hybridization bands, which also hybridized to and pCA17-16, were also seen 
(results not shown). The extra hybridization bands do not seem to be the 
result of incomplete digestion of total ONA since the bands appear in 
every hybridization and no other partially digested band could be seen. 
It is very unlikely that the extra-large hybridization band arises from 
the kanamycin resistant gene carrying on the vector pVK102. Hybridization 
of this kind is never strong enough to be detected in total ONA isolated 
from other TnS-generated mutants using these hybridization conditions. 
Therefore, the extra hybridization bands of strains WW4-3 and WW4-18 are 
probably composed of part of the Hup plasmid ONA sequences. Since the 
7.3kb S^l ONA fragment is the only overlapping sequence shared between 
pCA17-16 and pCA13-44, the 7.3kb Sail fragment may be duplicated In 
strains WW4-3 and WW4-18. The actual size, origin, and location of this 
duplication are unknown. In sumnary, most of the Aut' mutants derived 
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Figure 13. Hybridization of ^^P-1abe11ed pCA13-44 to EcoRI-digested total 
DNA from A. eutrophus strains. Lane 1, strain Hl-4; lane 2, 
strain WW4-3; lane 3, strain WW4-18. D: duplication. 
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from Hl-4n have some abnormality In the 7.3 Sail fragment, either by 
Interruption by Tn5 or with unknown DMA sequences or duplicated sequences. 
Genetic complementation 
The actual sites of the mutations leading to either Hop" mutants In 
strain His or Aut~ mutants In strain Hl-4n are still unknown. Plasmld 
deletions do not seem to be responsible for the phenotypic change. The 
only common site of mutation In strains WWl-11, WUl-12 and WW4-8 was the 
Tn5 inserted into the 7.3kb Sail fragment of the Hup plasmld. In 
addition, the 7.3kb fragments of strains WW4-1 and WW4-14 were found 
to be interrupted by a small 1.3kb insertion. Therefore, the 7.3kb Sail 
may possibly be Involved in the hydrogen oxidation via the particulate 
hydrogenase. Since site-directed mutagenesis inj\. eutrophus is 
practically Impossible at this moment, genetic complementation using total 
genomic cosmld clone bank is the only method remaining to localize the Hop 
genes. 
Mutants defective either in particulate or soluble hydrogenase 
activity still retain the ability to grow autotrophically. Thus, for the 
sake of easy selection, the plasmid-cured strain Hl-6n and Aut* mutants 
strain UU4-1 were used as recipients for genetic complementation. 
Triparental conjugations were performed using pRK2073 as a helper plasmld 
to mobilize different cosmld clones into eutrophus mutants and 
selection was made under autotrophic growth conditions. Table 7 Indicates 
the results of complementation studies. None of the cosmld clone bank 
constructed in pVK102 could restore the ability of Hl-6n to grow 
autotrophically. Whereas, mutation in strains WW4-1 can be complemented. 
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The appearance of Hop* transconjugants I s  estimated to be close to 1002 
among the cells receiving cosmid clone pCA2-50, because the frequency of 
obtaining Hop* colonies is around 1.3 X 10"? which is approximately equal 
to the rate observing with pVK102 during mobilization into Hl-4n by 
pRK2073. pCA17-16 and pCA13-44, however, can also complement the mutation 
of WW4-1 after a prolonged incubation time but at a much lower frequency. 
Total DNA was isolated from Hop* transconjugants and hybridized to 
pCA13-44. The results indicate that pCA2-50 can render a Hop' phenotype 
to Hop* in WU4-1 by complementation. Although the hybridization data 
indicate that the pCA2-50 did not recombine with its homologous part 
located on the Hup plasmid of WW4-1 (lane 8 of Fig. 12), efforts to 
re-isolate pCA2-50 from UW4-1 have failed for unknown reasons. The 
involvement of 7.3 fragment in hydrogen utilization is further 
confirmed by the ability of pCA2-50 to restore the particulate hydrogenase 
activity of mutant strain WW4-14. The remaining Aut' mutants derived from 
Hl-4n were not tested for complementation since they have a very high 
reversion frequency to Aut* (Table 4). 
Eight autotrophic colonies were obtained by complementing WW4-1 using 
the total genomic DNA library. In vitro enzyme assays indicate that three 
out of eight autotrophic colonies have different levels of soluble 
hydrogenase but not particulate hydrogenase activity (data not shown). 
The remaining five colonies were found to have particulate hydrogenase, 
but not soluble hydrogenase activity. This is in contrast to the failure 
to obtain complementation using any of the cosmid clones carrying DNA from 
the deletion regions (Table 7). Cosmid clones from the deletion regions 
can be re-isolated from A. eutrophus recipient strain Hl-4n. The cosmid 
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Table 7. Frequency of complementation by cosmid clones 
Donor Recipient Frequency® 
HBlOl 
PCA2-50 
PCA17-16 
PCA13-44 
PCA17-26 
pCA8-7 
pCAl-24 
total genomic bank 
PCA2-50 
PCA17-16 
PCA13-44 
PCA17-26 
pCA8-7 
pCAl-24 
total genomic bank 
A. eutrophus 
WW4-1 
WW4-1 
WW4-1 
WU4-1 
WW4-1 
WW4-1 
WW4-1 
Hl-6 
Hl-6 
Hl-6 
Hl-6 
Hl-6 
Hl-6 
Hl-6 
1.3 X 10-7 
2.2 X 10-10 
5 X 10-10 
<2 X 10-10 
<1X 10-10 
<1 X 10-10 
4.3 X 10-10 (3 colonies) 
<3 X 10-10 
<1 X 10-9 
<4 X 10-10 
<7 X 10-11 
<3 X 10-10 
<1 X 10-10 
<3 X 10-11 
^Complementation frequency was calculated as number of colony grown 
on autotrophic growth conditions per Nal^ recipient cell. 
Table 7. (Continued) 
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Donor Recipient Frequency 
HBlOl 
PCA2-50 
total genomic bank 
pCA2-50 
total genomic bank 
pCA2-50 
total genomic bank 
B. japonlcum 
PJ17 
PJ17 
SR119 
SR119 
SM 
SM 
<2 X 10-® 
<3 X 10-9 
<4 X 10-8 
<5 X 10-9 
<8 X 10-7 
<1 X 10-9 
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clones that render the Hos* phenotype were, however, unable to be 
re-Isolated from transconjugants. This suggests that the cosmid clones, 
which complement Hos' mutation of WW4-1, recombined with homologous 
sequences present in UW4-1. Thus, these data further indicate that the 
deletion region is not involved in hydrogen oxidation. 
From the data shown in Table 6, the gene responsible for particulate 
hydrogenase activity is probably located on the 7.3kb Sail fragment, but 
this fragment is not the only region on the Hup plasmid that is required 
for hydrogen oxidation function. The clone(s) carrying the genes 
responsible for soluble hydrogenase function is apparently present in our 
cosmid clone library, but unfortunately, it is not possible to isolate the 
clone by mass conjugation. 
The Homology between Plasmid and Chromosomal DNA 
There are three confusing results associated with the physical 
characterization of the genetic organization of A. eutrophus. One problem 
is that the plasmid-cured strains also hybridize to the CsCI-gradient 
purified Hup plasmid (data not shown). A second confusing result was 
obtained by colony hybridization. Two sets of separately isolated 
colonies, differed from each other in their restriction digestion 
patterns, also showed homology to the same probe. Lastly, cosmid clones 
pCA17-26 (carrying DMA from the plasmid deletion region) hybridized to the 
total DMA purified from plasmid-cured strains (Fig. 7) and plasmid 
deletion strains; and pCA13-44 also hybridized strongly with the 
plasmid-cured strains (Fig. 12). Therefore, it is likely that the probe 
used for hybridization is an artificially created DNA sequence created by 
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two totally unlinked DNA fragments. The possibility of rearrangement 
during cosmid cloning Is very unlikely, because (1) only selected sizes of 
partially-digested DNA were used for constructing the total genomic 
DNA library, (2) the two sets of cosmid clones showing homology to the 
same probe have very distinctive SalI-dlgestion patterns, and (3) several 
overlapping clones could be Isolated within each group. Therefore, the 
chance of DNA rearrangement Is very small. 
Fig. 14A shows Sal I-digestion patterns of 8 cosmid clones with 
homology to a 12kb EcoRI DNA fragment within cosmid clone 17-16 (Fig. 11). 
The eight cosmid clones can be differentiated Into two groups by 
distinctive digestion patterns. Fig. 14B demonstrates the 
hybridization patterns of the eight cosmid clones with pCM40, which Is a 
3.75kb Sail fragment subcloned from pCA2-S0 into pACYC184. One set has a 
3.75kb hybridization band and the other set has two bands, 2.5kb and 
O.Skb, (the O.Skb fragments is not shown in Fig. 14B) which hybridize to 
pCM40. The 3.75kb hybridization band is from^ eutrophus plasmid DNA 
since Sail-digested plasmid DNA purified from either the wild-type strain 
HI or plasmid deletion strain Hl-4 show only one hybridization band 
corresponding to the 3.75kb band. Whereas, the 2.Skb and O.Skb 
hybridization bands are unlinked to the 3.75kb Sail fragment (and may be 
from the chromosomal DNA) as indicated by the following reasons: (1) total 
DNA from strains HI and Hl-4 show three Sail fragments hybridizing to 
pCM40, one corresponding to the 3.75kb fragment and the other two 
corresponding to the 2.5kb and O.Skb fragments, and (2) the 2.5kb and 
O.Skb Sail DNA fragments are bands that show hybridization to the total 
DNA from plasmid-cured strains Hl-6 and WWl-2. Therefore, there are two 
Figure 14. Homology between the Hup plasmid DNA and chromosomal DNA. 
A. Agarose gel electrophoresis of plasmid and total DNA isolated from 
HBlOl containing cosmid cloned DNA and A. eutrophus. Lane 1, 
HindiII"digested lambda DNA serving as molecular weight standard; lane 
2, pCA15-38; lane 3, pCA13-44; lane 4, pCA9-50; lane 5, pCA13-13; lane 
6, pCA4-7; lane 7, pCA2-47; lane 8, pCA17-16; lane 9, pCA2-50; lane 10, 
total DNA from WWl-2; lane 11, total DNA from WWl-3; lane 12, plasmid 
DNA from HI; lane 13, plasmid DNA from Hl-4; lane 14, total DNA from HI; 
lane 15, total DNA from Hl-4; lane 16, total DNA from Hl-6. There is 
incomplete digestion present in lanes 4 and 6. 
B. Hybridization of ^^P-labelled pCM40 to the filter prepared from A. 
Contents of the lanes are the same as in A. 
1  2 3 4 5 6 7 8  9 1 0 1 1 1 2 1 3 1 4 1 5 1 6  1 2 3 4 5 6 7 8  9 1 0 1 1  1 2 1 3 1 4 1 5 1 6  
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homologous copies of DMA sequences, both hybridizing to the pCM40 probe, 
existing In A. eutrophus genome. In summary, the two homologous copies 
are located at separate genomes, one on the plasmid and the other on the 
chromosome. 
Since Andersen and W1Ike-Douglas (1984) reported that the genes for 
carbon dioxide fixation are reiterated in _A. eutrophus strain 17707, the 
repetition of Hup plasmid DMA sequence may be potentially important, since 
it is known to be involved in hydrogen utilization. Several subclones of 
pCA2-50 were used separately for hybridization to test for sequence 
repetition. The shaded area in Fig. 11 represents the DMA area that 
shares homology with other parts of the^. eutrophus genome. 
Complementation of Hup" Bradyrhizobium japonicum 
Since the biochemical properties of particulate hydrogenase are very 
similar between particulate hydrogenase purified from different aerobic 
hydrogen-oxidizing bacteria. It is of Interest to know if pCA2-50 derived 
from the Hup plasmid of eutrophus has any sequence homology with other 
hydrogen-oxidizing bacteria and, also, whether the hydrogenase clone can 
complement any of the Hup' Bradyrhizobium japonicum mutants. When the Hup 
plasmid of eutrophus was labelled with and hybridized to total DNA 
isolated from various hydrogen-oxidizing bacteria, none showed any 
hybridization to the Hup plasmid. On the contrary, when pCA2-50 was 
hybridized to the same total DNA, some faint hybridization bands appeared. 
These faint hybridization bands can be seen more clearly when the probe is 
the 7.3kb Sail fragment subcloned from pCA2-50. The 7.3kb fragment 
of eutrophus showed hybridization to total DNA isolated from Hup'^£. 
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japonlcum strain 110 but not to the total DNA from Hup" japonicum 
strain SM and Rhizobium fredii strain 193 (data not shown). Strong 
homology to 7.3kb Sail DNA fragment is also present in Azospirillum which 
is a free-living nitrogen-fixing aerobic hydrogen-oxidizing bacteria. 
Therefore, at least part of the DNA sequences within the 7.3kb Sail 
fragment are conserved between different hydrogen-oxidizing bacteria. 
Cosmid clone pCA2-50 was transferred to Bradyrhizobium japonicum 
strain PJ17 and SR119, which are Hup" mutants derived from Hup+ SR strain. 
Since the two recipient strains (PJ17 and SR119) carry chromosomal Kan^ 
determinants, direct selection for transfer of pCA2-50 is not possible. 
Selection of transconjugants was, therefore, made by growing under 
autotrophic conditions. It was found that cosmid pCA2-50 is unable to 
restore hydrogenase activity to any of the tested mutants. Perhaps 
mutants in other steps of hydrogen oxidation can be complemented. 
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DISCUSSION 
Unusual Genetic Phenomena Associated with TnS^ Mutagenesis 
In Alcaligenes eutrophus 
TnS^ was Introduced Into two strains of ATcallgenes eutrophus, wild 
type HI strain and Its Hos" derivative Hl-4, by a suicide vector pSUPlOll. 
Auxotrophs of A. eutrophus were obtained at a frequency of 1% which Is 
slightly higher than what has been reported In Bradyrhlzoblum japonlcum 
(Horn et al., 1984) and In Rhizoblum fredll (Engwall, 1985) by the same 
suicide vector (0.5% and 0.3%, respectively). This result Is close to the 
0.8% auxotrophic mutation frequency generated by TnS mutagenesis using a 
different suicide vector, pJB4JI (Berlinger et al., 1978) In A. eutrophus 
strain H16 (Srivastava et al., 1982). Despite acquiring auxotrophic 
mutants in a high frequency, an extraordinarily high frequency of plasmid 
curing and plasmid deletion was observed among Tn^ carrying strains, along 
with transposition and duplication of ONA. 
Plasmid curing in ^  eutrophus 
The loss of the Hup plasmid was first noticed when 1% of the 
Tn5-carry1ng HI derivatives were unable to grow autotrophically. 
Phenotypes of plasmid-cured A. eutrophus mutants, generated either by 
mitomycin C or heat treatment, have been reported by Tait et al. (1981) to 
be Aut" (Hox" Cfx"*"). The Auf mutants generated by Tn^ in this study were 
subjected to physical analysis. None of the Aut" mutants derived from HI 
were found to possess any visible plasmid band on Eckhardt 
gel-electrophoresis and this was confirmed by the Casse alkaline-lysis 
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procedure (Casse et al., 1979). Loss of the Hup plasmid sequences was 
further confirmed by Southern hybridization. Results shown In Fig. 5, 
Fig. 7 and Fig. 12 Indicate that total DMA from the plasmid-cured strain 
WWl-2 did not have homology with any of the cloned sequences derived from 
the Hup plasmid, except some partial homology which originated from the 
chromosomal DNA sequence. Therefore, loss of autotrophic growth is 
accompanied by the loss of plasmid DNA in strain HI. 
Later, by physical analysis of Tn^-generated Aut" mutants of Hl-4, 
another plasmid-cured mutant WU4-4 was found. This strain (shown in Fig. 
12) also lost homology to cloned plasmid DNA sequences. Thus, the curing 
of the Hup plasmid is not restricted to the wild-type strain HI but can 
also occur in strain Hl-4 during Tn5 mutagenesis. All of the 
plasmid-cured Aut" mutants are able to grow on formate medium. The 
phenotypes of the TnS-generated plasmid-cured strains are, thus, the same 
as that of the plasmid-cured mutants generated by elevated temperature or 
mitomycin C (Lim et al., 1980; Andersen et al., 1981; Friedrich et al., 
1981b; Tait et al., 1981). These results further support the involvement 
of plasmid encoded genes in oxidizing hydrogen in A. eutrophus strain HI. 
Transposable elements have been proposed to promote replicon fusion. 
For example, the integration of F plasmid (Davidson et al., 1975) may 
result in the loss of a free-replicating plasmid. Since total DNA 
purified from plasmid-cured strains fails to show homology to the Hup 
plasmid, the possibility of plasmid integration into the chromosome is 
unlikely. The suicide vector, pSUPlOll has been used to generate a 
variety of mutants in R. fredii (DuTeau and Atherly, 1983; Engwall, 1985; 
DuTeau, 1985), japonicum (Hom et al., 1984), R. loti (Chua et al.. 
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1985), and Xanthomonas campestris (Turner et al., 1984). The introduction 
of pSUPlOll has never been reported to have any effect on the stability of 
endogenous plasmids found in the recipient strains. Therefore, the high 
frequency of plasmid-curing is probably not a result of the delivery 
vector but is a result of the genetic makeup of A. eutrophUs. This may 
explain why Srivastava et al. (1982) was able to obtain a high percentage 
of non-revertible Aut' mutants among their Tn^-carrying A. eutrophus when 
strain H16 was mutagenized with pJB4JI. Srivastava et al. (1982), 
however, did not analyze the plasmid content of their Aut" derivatives. 
Since most of the TnS-generated mutations in strain H16 were revertible, 
the non-revertible Aut" mutants suggest the possibility of plasmid curing 
in H16 after TnS mutagenesis. Therefore, the high frequency of plasmid 
curing by TnS mutagenesis mc^y not be limited only to A. eutrophus strain 
HI but is likely to be found in other A. eutrophus strains. 
The high frequency of plasmid curing may indicate that a large 
portion of the genomic DNA is involved in replicating and maintaining 
plasmid DMA or there are hot spots for Tn^ insertion into these genes. It 
has been demonstrated by Berg et al. (1983) that although TnS^ can 
transpose into various DNA sequences, 1/4 of Tn^ insertions into the tet 
gene of pBR322 were preferentially located at one site. There may be 
other mechanisms to explain this unusual phenomenon. The transposition of 
Tn^ may present some kinds of interference with plasmid replication or 
transposition may stimulate genome rearrangement. It may be potentially 
useful to mutagenize A. eutrophus with other transposable elements or 
chemical mutagens, known to generate point mutations, and then compare the 
occurrence of plasmid-cured mutants caused by different mutagen 
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treatments. Unfortunately, an effort to mutagenlze A. eiitrophùs with Tn9 
proved unsuccessful. At present, no evidence Is available to rule out any 
of the above hypotheses. 
Plasmid deletion In Alcaligenes eutrophUs 
Transposable elements are known to generate deletions by two 
different mechanisms, the recA-dependent and the recA-lndependent 
mechanisms. The recA-dependent deletions Involve two copies of a 
transposon Inserted Into the same replicon In direct orientations 
(Kleckner et al., 1977). By homologous recombination between the two 
copies of the transposon, DNA flanked by the transposons will be lost if 
it contains no functional repllcon. Deletions generated by this mechanism 
should be located close to the transposable elements and randomly 
distributed over the entire genome if there is no specificity for 
transposon insertion. Similar phenomenon can be observed in deletions 
generated by recA-independent events. The recA-independent deletions 
usually begin at or within the transposable element and extend Into the 
surrounding chromosomal regions either in one direction or the other, but 
never both (Kleckner et al., 1977; Calos and Miller, 1980). This results 
in a wide variety of deletions which start at a fixed point but have 
various end points. In these cases, sequences from the transposable 
element are always next to the deletions. Because the mechanism of Tn5 
transposition is very different from other transposable elements, 
deletions are rarely generated by TnS^ (0. Berg, Washington University, St. 
Louis, Missouri, personal communication). 
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The four Tn^-conta1n1ng plasmid deletion strains generated In this 
study have deletions that are very different from the deletions generated 
by transposons. The four strains have similar plasmid DNA 
EcoRI-restriction-digestion patterns but have variable Tn^ insertion sites 
(Fig. 3). Analysis of the cosmid clones containing DNA from the deletion 
region indicated that a continuous stretch of DNA has been deleted from 
each strain. By using the cosmid clones containing DNA from deletion 
junctions, to hybridize to total DNA digested with various restriction 
endonucieases, provided the fine structure mapping of the extent of the 
deletions. Total DNA from the four deletion strains showed an identical 
hybridization pattern to the cloned deletion-junction DNA (Fig. 5). 
Therefore, the deletions found in these four strains must start at very 
close, if not identical, nucleotide, and the extent of the deletions is 
identical. This characterized loss of plasmid DNA is very difficult to 
reconcile with any of the phenomena associated with transposon-generated 
deletions. Furthermore, the deletions found in A. eutrophus are not 
immediately adjacent to Tn^. Thus, the involvement of Tn^ in generating 
plasmid deletions is very unlikely. A separate mechanism responsible for 
deleting Hup plasmid DNA is further supported by the finding that a 
mitomycin C-generated plasmid deletion strain Hl-4 also contains the same 
loss of Its plasmid DNA. Therefore, the plasmid DNA deleted from Hl-4, 
WWl-11, WUl-12, WUl-101, and WW103 is probably very susceptible to 
mutagenesis treatment or is possibly under the control of other plasmid 
DNA regions. An interesting observation is that the Tn^ insertion sites 
In WWl-11, WWl-12, and WWl-101 are within a lOkb region on the plasmid 
DNA. This suggests the possibility that there may be plasmid sequences 
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which control the integrity of the plasmid genome. Since VIWl-103 and Hl-4 
seemingly have lesions elsewhere, other plasmid regions may be Involved In 
the same control. Mutations occurring In these regions may result In the 
loss of plasmid DMA which Is totally unlinked to the mutated sites. This 
hypothesis may explain why no plasmid deletions were seen In mutants 
WWl-102 and WW104 or with other chromosomal mutants. The best way to test 
the hypothesis will be to use site-directed mutagenesis, but at present we 
have not been able to generate any mutant by strand replacement in A. 
eutrophus. 
Figurski et al. (1982) reported that the (A, B, and C) genes of 
RK2 are lethal to the jE. coil cell In the absence of (A, B, and C). 
In addition to this lethality, kiM. ^ and B' can Inhibit plasmid 
replication in the absence of korB genes. The kij^ and kor genes are not 
essential for maintenance of the plasmid, but genes participate in the 
control of plasmid copy number (Pohlman and Figurski, 1983). The exact 
molecular basis for this interaction is not fully understood. If similar 
gene interactions control the Hup plasmid of A. eutrophus, loss of the 
defined plasmid DNA region might be explained as the loss of lethal genes 
after their inhibitor genes are inactivated by mutagenesis. Thus, cells 
deleted for some of its plasmid sequences would be selected. Arguments 
against this explanation are based on the following observations: (1) 
Insertion of Tn£ into UWl-101 and WWl-103 did not result in the 
inactivation of any scorable genes, (2) no function could be assigned to 
the deletion region, and most Important, (3) the unique, non-random, 
deletion pattern found in plasmid deletion strains is unlikely to be an 
independent response to the removal of lethal inhibitors. Another 
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possible explanation Is that a physical Interaction occurred when W 
disrupted the plasmid which somehow destroyed faithful replication in the 
deletion region of the plasmid. This hypothesis may be correct in that 
there are interrelationships between plasmid deletion regions and TnS 
Insertion regions, but whether this is due to physical or biochemical 
interaction can not be concluded by our present data. 
Transposition of endogenous DNA sequences 
Transposition of endogenous insertion sequences during Tn^ 
mutagenesis was observed in Rhizobium mellToti (Meade et al., 1982; Ruvkun 
et al., 1982). By physical mapping and site-directed mutagenesis, Ruvkun 
et al. (1982) found that some Nif mutants were not caused by the 
insertion of TnS^ but resulted from transposition of an endogenous R. 
meliloti insertion element. They cloned the insertion element and found 
this element preferentially transposed into nif regions. Similar results 
were observed in WW4-1 and WW4-14, where a 1.3kb DNA segment of unknown 
origin transposed into a 7.3kb Sail fragment of plasmid DNA. The 
insertion was discovered by Southern hybridization which showed that total 
DNA of WW4-1 and WW4-14 did not contain the 7.3kb Sail DNA fragment; 
however, two new bands with a sum of 8.6kb appeared (Fig. 12). The l.Skb 
increase could not be caused by TnS^ Insertion because Tn^ showed homology 
to neither band. Since WW4-1 and WW4-14 were independently isolated Tn^ 
containing mutants, the chance of two strains acquiring similar sized 
inserts of different origin is small. Therefore, transposition of the 
same piece of DNA into these two strains is expected. The most possible 
explanation for the origin of the l.Skb DNA segment is an endogenous A. 
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eutrophùs Insertion sequence. This cannot be proved, however, until the 
Inserted DNA Is cloned and sequenced. 
Transposition of the putative Insertion sequence Is probably not 
dependent upon the Tn£ Insertion site, because UW4-1 and WU4-14 have Tn£ 
Inserted Into different chromosomal locations. Although transposition was 
not observed In any of the Tn^ containing HI mutant strains, similar 
Insertions may exist which were not detected. The transposition event Is 
very low (below 1 X 10"^^) because both WW4-1 and WW4-14 have a very low 
reversion frequency to Aut"*" (Table 4). Since the transposition frequency 
Is so low, the chance discovery of two strains with very similar 
Insertions may Indicate some kind of preference for the endogenous A. 
eutrophus insertion sequence. This cannot be confirmed unless more 
transposition events are analyzed. The finding of 2 insertions among 1 X 
lO^O plated A. eutrophus cells is higher than the calculated transposition 
frequency based on the Insertion element's reversion rate in WWl-1 and 
WWl-14. Preferential insertion Into the 7.3kb Sail DNA fragment and the 
higher transposition frequency by introduction of TnS^ are similar to IsRml 
transposition in Rhizobiùm meliloti upon TnS mutagenesis (Meade et al., 
1982). 
The only suggestion that a transposable element may respond to 
mutagenic treatment is from observations of a^ locus of maize after 
infection with barley stripe mosaic virus (Mottinger, 1982; Mottinger et 
al., 1984; Johns et al., 1985). TnS, In our case, is a mutagen that may 
behave like the virus. Mottinger et al. (1984) reported that barley 
stripe mosaic virus increased the mutation frequency in maize. The adhl 
mutants obtained after infection with barley stripe mosaic virus were 
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probed with the cloned gene and extra DMA of various sizes were found 
inserted into mutated adhl genes (Johns et al., 1985). The inserted ONA 
of one adhl mutant was cloned and analyzed. Their results indicated that 
the inserted DMA had a typical transposon structure with perfect direct 
repeats similar to the element found in yeast (Johns et al., 1985). 
The remainder of the insertions were different from the first one cloned 
but transposable-element-like origins were proposed because of their 
instability. Thus, the infection of barley stripe mosaic virus seemed to 
induce new mutation and genetic instability by promoting the transposition 
of endogenous transposons. This hypothesis, however, cannot be proved 
unless the mechanism of transposition is understood. The evolutionary 
significance of this kind of mutation induction may be reflected in 
McClintock's (1978) hypothesis of 'genomic shock' which asserts that 
"...certain environmental stresses mobilize quiescent transposons that 
indirectly restructure a genome in evolutionarily meaningful ways", quoted 
from Johns et al. (1985). Whether the transposition of endogenous 
insertion elements of A. eutrophus is similar to "genomic shock" or 
results from other mechanisms is not presently clear. If the 
transposition is a result of genomic shock, other mutagens or exogenous 
DNA should be able to enhance the transposition. 
Duplication of plasmid sequences 
The duplication of plasmid sequences in UW4-3 and UW4-15 has not been 
well characterized in this study. The only evidence supporting 
duplication of part of plasmid was acquired by Southern hybridization 
which showed that both Sail and EcoRI-digested total DNA from WW4-3 and 
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WW4-15 always had one large extra band homologous to pCA13-44 (Fig. 12 and 
Fig. 13) or pCA17-26 (data not shown). The possibility of having 
partially digested DMA showing homology to the probes was excluded by the 
fact that the extra band appears routinely In every hybridization and the 
size of the extra band does not match any of the bands generated by 
partially digested wild-type total DNA (Fig. 12). The size of duplicated 
plasmid sequences and the location of the duplication could not be 
determined by the limited hybridization data. Duplication has been 
observed to result from recombination between two copies of transposable 
elements, with the DNA between elements duplicated In a tandem arrangement 
with one copy of the element separating the duplicated DNA (Kleckner et 
al., 1977). It will be quite Important to determine whether this kind of 
arrangement exists in WW4-3 and WW4-18 and to determine whether the origin 
of duplication Is related to a transposable element or not. Hybridization 
data indicated that Tn£ is probably involved in the formation of 
duplication because TnS^ also hybridized to the duplicated DNA. The actual 
location and arrangement of the duplicated DNA have not been determined 
yet. 
Another possible explanation of the origin of duplication is the 
transposition of a large piece of genomic DNA. There is no direct 
evidence to support this hypothesis except reports from Tait et al. (1981) 
that several Hos' mutants generated by mitomycin C each have a slightly 
larger Hup plasmid than the wild-type plasmid. Tait et al. (1981) 
suggested this was a result of an insertion. Although we did not notice a 
significant size Increase in the plasmids of WW4-3 and WW4-15, the 
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possibility of Insertion In part of the plasmld sequence cannot be 
excluded. 
Identification of the Plasmld Region Responsible for Hydrogen Oxidation 
Genes reponsible for hydrogen-oxidation via particulate hvdrogenase 
Despite the fact that all of the TnS-generated Hop" mutants have two 
separate lesions, the mutants (defective in plasmid-encoded Hop functions) 
contain a common mutation site mapped within a 7.3kb Sail restriction 
fragment. The different kinds of mutation include (1) direct TnS 
insertion (WWl-11, WWl-12, WWl-8), (2) insertion of unknown DMA sequences 
(WW4-1 and WW4-14), and perhaps (3) duplication (WW4-3 and WW4-18). The 
plasmld deletions found in mutants WWl-11 and WWl-12 apparently do not 
carry any of the Hox functions because the same deletion, defined by 
restriction endonuclease digestion pattern and Southern hybridization, is 
shared between mutants with various phenotypes. Tn^ insertion sites in 
mutants WWl-11, WWl-12 and WW4-8 were all mapped to the 7.3kb Sail plasmld 
ONA fragment. The remaining plasmid-determined Hop" mutants, WW4-1 and 
WW4-14, have an endogenous Insertion element in the 7.3kb SaT^ DMA 
fragment. Therefore, the 7.3kb Sail plasmld ONA fragment is involved in 
the expression of the particulate hydrogenase activity. This was proven 
by genetic complementation in cosmid clones containing the 7.3kb Sail ONA 
fragment which were able to restore the particulate hydrogenase activity 
in WW4-1 and WW4-14. 
The ability to complement WW4-1 by the cosmid clones pCA2-50, 
pCA13-44, and pCA17-26 was compared. Only pCA2-50 was able to complement 
the WW4-1 mutation in trans, because its high complementing frequency and 
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two copies of bands hybridizing to pCA13-44 (Fig. 12). pCA13-44 and 
pCA17-16, however, only restored Hop function by recombination. Thus, 
pCA2-50 probably carries Its own promoter sequences located on the 3.7Skb 
Sail fragment and pCA13-44 lacks a promoter region and cannot be 
transcribed In trans; therefore. It can only restore the gene function by 
recombination. Accordingly, this hypothesis suggests that pCA17-16 should 
contain a functional promoter; however, data indicate that it cannot 
complement the lesion of WW4-1 in trans. Therefore, pCA17-16 must not 
carry the entire DNA sequences for the Interrupted gene, which may extend 
outside the 7.3kb Sail DNA fragment and into the 4.2kb Sail DNA fragment 
(see Fig. 11). Since, WWl-101 is Hop*, the transcription unit should not 
extend far into the 3.75kb Sail DNA fragment. 
Although the role of the genes carried on the 7.3kb Sail DNA fragment 
is unknown, the fragment may encode the structural genes for particulate 
hydrogenase or other genes involved In the electron transport process. 
Since the pCA2-50 did not complement any of the plasmid-cured mutants, 
more plasmid-encoded genes are expected to be involved In hydrogen 
oxidation via particulate hydrogenase. For example, the Aut~ mutants, 
WW4-5 and WW4-18, have Tn5 inserted into uncharacterized plasmid regions 
which may have plasmid-encoded Hop functions. 
We did not find any TnS-generated mutations that completely abolished 
both hydrogenase activities as the Aut" Nit" mutants reported by Hogrefe 
et al. (1984) in A. eutrophus strain H16. Two Tn5-generated mutants 
(WWl-13 and WWl-14) defective only in particulate hydrogenase function, 
however, suggest chromosomal genes control the Hop functions. The 
mutations of these two strains await detailed characterization and the TnS 
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Insertion sites still must be mapped and tested for complementation before 
further conclusions can be made. 
Genes responslblé for hydrogen-oxldation via soluble hydrogenase 
It was thought that the plasmld-deletlon region on the plasmid of 
strain Hl-4 carried genetic Information for soluble hydrogenase activity 
(Talt et al. 1981). This Is very unlikely, because several strains 
possess similar plasmid deletions but show different phenotypes. In 
addition to this, none of the cosmid clones carrying ONA from the plasmid 
deletion region were able to complement any of the Hos mutation. A 
possible explanation Is the presence of a second mutation site In Hl-4. 
This mutation could be complemented by one or some of the cosmid clones of 
the total HI genomic library constructed in pVK102. Unfortunately, the 
cosmid clone that complements the Hos lesion of WW4-1 was not able to be 
reisolated from the transconjugants, therefore, the location of the Hos 
genes is not clear. Since not a single clone from the total genomic 
library was found to complement the plasmid-cured strain, the clone 
containing Hos function is probably not functionally complete. 
Complementation of Hup" Bradyrhizobium japonicum mutants 
Since the biochemical characteristics of particulate hydrogenase 
purified from A. eutrophus is similar to that of B. japonicum, pCA2-50 was 
tested to see whether it can complement any of the Hup" £. japonicum 
mutants. The data Indicated that pCA2-50 is unable to restore the 
particulate hydrogenase activity in japonicum strain PJ17 and SR119. 
The failure to restore the particulate hydrogenase function, however, 
could be due to lack of expression of pCA2-50 in japonicum or 
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conformational incompatibility of the protein products of pCA2-50 with the 
membrane of B. japonicum. It will be very important to determine if the 
promoter sequences of A. eutrophus can be recognized by any member of the 
Rhizobiaceae family. 
Homology between the Hup Plasmid ONA and Chromosomal DNA 
Southern hybridization between cloned plasmid ONA sequence and total 
ONA revealed that quite a large portion of the plasmid sequences are 
represented by more than one copy of ONA in the total genomic ONA. 
Analysis of cosmid clones containing plasmid-like ONA sequences indicated 
that these sequences were not derived from artificial genome 
rearrangements created by cosmid cloning. Since the Hup plasmid has only 
one copy of these sequences, the second copy must be of a chromosomal 
origin. The plasmid sequences that were found to have a second homologous 
copy in the chromosome are well-dispersed around the Hup plasmid and they 
bear no homology with each other. For example, the 12kb EcoRI DNA 
fragment from cosmid pCA17-26 and the llkb EcoRI fragment from cosmid 
pCA17-16 do not hybridize to each other. This is true for all the 
remaining plasmid sequences tested. The homology between Hup plasmid ONA 
and chromosomal ONA found in A. eutrophus is very unique to procaryotes, 
which are not known to possess large repetitive ONA sequences or large 
regions of gene duplication. 
Ouplication of functional genes has been reported in a few 
gram-negative bacteria. For example, the tj^ gene, which encodes the 
peptide elongation factor Tu, has been reported to be duplicated in many 
gram-negative bacteria (Filer and Furano, 1981). Reiteration of symbiotic 
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genes has been reported in Rhizobium phaseoli (Quinto et al., 1982) and 
RhizobiUm fredii (Prakash and Atherly, 1984). Two copies of nif genes 
were discovered in Rhodopséudornonàs capsuTata (Scolnick and Haselkorn, 
1984) and Anabaéha (Rice et al., 1982). The structural genes of RuBp 
carboxylase of A1caligenes eutrophus strain 17707 is proposed to be 
reiterated (Andersen and UiIke-Douglas, 1984). It is very possible that 
those plasmid regions bearing chromosomal homology may have some 
functional significance. According to our data, however, the 7.3kb Sail 
ONA fragment which carries the Hop function is not repeated. It is only 
the sequences flanking the 7.3kb Sail ONA that are reiterated (Fig. 11). 
The direct duplication of hydrogenase genes is probably highly unlikely. 
ONA sequencing of Bradyrhizobium japonfcum nif genes revealed that 
the nif structural genes are surrounded by several repetitive sequences 
which are structurally like insertion elements (Kaluza et al., 1985). 
Analysis of the nod genes of Bradyrhizobium japonicum indicated that the 
sequence flanking the common nodulation genes are highly reiterated (G. 
Stacy, University of Tennessee, Knoxville, TN, personal communication). 
Since ONA sequences flanking the 7.3kb Sail ONA fragment have very strong 
homology with chromosomal ONA, the nature of those repetitive sequences 
might also resemble the sequences found near the nif and nod genes of B^. 
japonicum. The hypothesis that an insertion element is responsible for 
the homology between chromosomal and plasmid ONA is supported by the 
discovery of a l.Skb ONA sequence that seems to be preferentially 
transposed into the 7.3kb Sail ONA fragment. Since there is no homology 
among the plasmid ONA sequences which have homology with chromosomal ONA, 
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the number of different kinds of Insertion elements or repetitive 
sequences present In A. eutrbphùs could be very large. 
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SUMMARY 
Transposon mutagenesis Is considered to be one of the most useful 
methods for obtaining mutants which can easily be characterized. Tn^ has 
frequently been used to obtain various mutants In a variety of 
gram-negative bacteria (Berg and Berg, 1983). With rare exception, the 
phenotypic change obtained can always be correlated with the Insertion of 
Tn^. Tn^ mutagenesis of A. eutrophus strain HI and Hl-4, however. Is not 
as simple as that which has been found In most of the other gram-negative 
bacteria. The generation of plasmid deletions, curing of the plasmid, and 
transposition of endogenous DNA sequence have made the genetic analysis of 
these strains very difficult. The use of site-directed mutagenesis to 
determine the true mutation site in these mutants is essential, but 
techniques for site-directed mutagenesis are not yet available in 
Alcaligenes eutrophus. 
A 50kb size region of the Hup plasmid DMA was found to be lost in 
every plasmid deletion strain examined. This plasmid region does not have 
any detectable Hox function because mutants deleted for this plasmid 
region demonstrate various phenotypes and some of the plasmid deletion 
mutants have both hydrogenase activities. Cosmid clones carrying the 
deleted plasmid sequences were obtained and analyzed. The 50kb deletion 
region seems to be continuous. The cosmid clones carrying two opposite 
deletion junctions show no homology to each other. This suggests that 
homologous recombination is probably not Involved in generating plasmid 
deletions. 
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In this studly, a 7.3kb Sail fragment of Hup plasmld was linked to the 
expression of particulate hydrogenase because (1) mutation In this region 
resulted In the Hop" phenotype and (2) cosmid clones containing the 7.3kb 
Sail fragment were able to restore the particulate hydrogenase activity. 
The 7.3kb Sal I DMA fragment, however, does not contain all the genetic 
information for hydrogen oxidation determinants. Other plasmld encoded 
genes, in addition to some chromosomal determinants, are expected to be 
involved in hydrogen metabolism. The conservation of the 7.3kb Sail DNA 
sequence among different hydrogen oxidizing bacteria moy suggest it 
carries functional genes that are highly conserved between different 
hydrogen oxidizing bacteria. The failure of pCA2-50 to complement the 
Hup' Bradyrhizobium japoncium. known to have a mutation in the structural 
genes of particulate hydrogenase, may or may not suggest that pCA2-50 does 
not code for the structural genes of particulate hydrogenase. The cloned 
DNA carrying some of the particulate hydrogenase determinants is just a 
beginning to understand the genetic organization of the Hup plasmld in A. 
eutrophus. More studies are needed to locate genes coding for soluble 
hydrogenase and other hydrogen utilization functions. 
In summary, understanding of the genetics of A. eutrophus has just 
begun, and our study indicates that A. eutrophus is genetically very 
different from other gram-negative bacteria. Research designed to 
characterize hydrogen oxidation genes in A. eutrophus using transposon 
mutagenesis or any kind of mutagenesis treatment should be approached 
cautiously. 
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